Proc. Natl. Acad. Sci. USA
Vol. 94, pp. 3828-3832, April 1997
Evolution

The role of habitat shift in the evolution of lizard morphology:
evidence from tropical Tropidurus

(Amazon /ecomorphology /microevolution)

LAURIE J. VITT,*T JANALEE P. CALDWELL,* PETER A. ZANT*¥, AND TOM A. TITUSS

*QOklahoma Museum of Natural History and Zoology Department, University of Oklahoma, Norman, OK 73019, and $Department of Biology, University of

Oregon, Eugene, OR 97403

Communicated by Thomas W. Schoener, University of California, Davis, CA, February 3, 1997 (received for review June 11, 1996)

ABSTRACT We compared morphology of two geograph-
ically close populations of the tropical lizard Tropidurus
hispidus to test the hypothesis that habitat structure influ-
ences the evolution of morphology and ecology at the popu-
lation level. T. hispidus isolated on a rock outcrop surrounded
by tropical forest use rock crevices for refuge and appear
dorsoventrally compressed compared with those in open
savanna. A principal components analysis revealed that the
populations were differentially distributed along an axis
representing primarily three components of shape: body
width, body height, and hind-leg length. Morphological diver-
gence was supported by a principal components analysis of
size-free morphological variables. Mitochondrial DNA se-
quences of ATPase 6 indicate that these populations are
closely related relative to other T. hispidus, the rock outcrop
morphology and ecology are derived within 7. hispidus, and
morphological and ecological divergence has occurred more
rapidly than genetic divergence. This suggests that natural
selection can rapidly adjust morphology and ecology in re-
sponse to a recent history of exposure to habitats differing in
structure, a result heretofore implied from comparative stud-
ies among lizard species.

There has been a recent upsurge of interest in innovative tech-
niques to account for evolutionary relationships in comparative
analyses (1-4). Phylogenetic analyses provide the opportunity to
polarize the direction of character change and to estimate the
time over which divergence has occurred. With respect to lizards,
numerous techniques have been used to compare ecology and
morphology among closely related species (5, 6). These studies
and others (7-13) suggest that morphology can be adjusted by
adaptation to differing structural characteristics of habitats. How-
ever, there have been few ecomorphological studies comparing
populations within species (14, 15) and none directly integrating
morphological change at the population level with recent change
in structural habitat in lizards.

One underlying assumption of the ecomorphology paradigm
(16) is that morphology differs among species as a result of
competition (17, 18) or habitat shift (6). We demonstrate that
morphological evolution has occurred at the population level
as an adaptation to rock dwelling in South American lizards in
the genus Tropidurus (19, 20), a clade that is much less speciose
than Caribbean and Central American Anolis lizards in which
most ecomorphology studies have been done (7-9, 21).

Species of Tropidurus occur in savanna, cerrado, caatinga, and
lowland forest habitats of South America (20). All are insectivores
(22-26) with a tendency toward ant specialization in arboreal
species (23, 25). A recent study (26) found that species that
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inhabited isolated rock outcrops in the southern Amazon region
and used narrow crevices for escape were more compressed
dorsoventrally than a widespread species (Tropidurus hispidus)
that used a diversity of habitats and microhabitats. However,
because a phylogeny for those populations did not exist (they
comprise at least two undescribed taxa; ref. 27), it was not possible
to polarize the direction of character change.

T. hispidus, which is widespread north and south of the
Amazon River in South America, is the only “open formation”
species (see ref. 23 for discussion of Tropidurus taxonomy)
occurring north of the Amazon. During a field expedition to
the Brazilian state of Roraima in 1993, we discovered a
population of T. hispidus isolated on a granitic rock outcrop
within approximately 40 km of a large savanna area known
locally as lavrado (28). T. hispidus is widespread in the savanna
and uses a variety of microhabitats (29, 30). It does not occur
in terra firme tropical forest habitats except on isolated
granitic outcrops. Populations on outcrops within tropical
forest are isolated from savanna populations and from other
rock outcrop populations.

The structure of savanna and rock outcrop habitats is very
different, and the occurrence of populations in each habitat
offered a unique opportunity to directly test the hypothesis that
adaptation to rock outcrops causes morphological change in
lizards over relatively short time periods. Based on the observa-
tion that other rock outcrop Tropidurus appear dorsoventrally
compressed in morphology (23), we predicted that the rock
outcrop population of 7. hispidus would be relatively more
compressed in morphology than the savanna population. Because
the rock surfaces provide a much more open microhabitat for
lizards than the grassy savanna, we predicted that the rock
outcrop population would have relatively longer hind limbs as
shown in other lizards (31, 32). Because the isolated rock outcrop
in which we studied Tropidurus was part of a continuous savanna
habitat until recently (33-39), we also predicted that the rock
outcrop population was derived from the savanna population and
that divergence had been a relatively recent event. We used
morphological comparisons to demonstrate morphological diver-
gence and molecular data to polarize the direction of change and
examine the degree of genetic divergence.

MATERIALS AND METHODS

Populations of T. hispidus were studied during 1991 (May
through July) in savanna near Boa Vista (2° 50’ N latitude by
60° 40" W longitude) and 1993 (June through Aug) on a rock
outcrop in terra firme forest near Caracarai (2° 0’ N latitude
by 62° 50" W longitude), both in the Brazilian state of Roraima.

Abbreviations: SVL, snout-vent length; PCA, principal components
analysis; PC, principal component.

Data deposition: The sequences reported in this paper have been
deposited in the GenBank database (accession nos. U83494-U83498).
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Fic. 1. Patterns of microhabitat use by two populations of T.
hispidus. The number of observations is indicated by n.

Savanna in Roraima consists of open grasslands with a low
density (if any) of low trees and small shrubs, most of which
comprise a subset of vegetation found in the cerrados of
central Brazil (28, 29, 40, 41). Terra firme forest to the
northwest of Caracarai has a continuous canopy approximately
30 m in height. Aside from areas deforested by humans, the
only patches within the forest that receive direct sun exposure
are small granitic rock outcrops.

We collected microhabitat data on individual lizards in both
populations by walking haphazard transects and recording
microhabitat associations of individual lizards (29, 30). Lizards
occurred on the following microhabitats: (i) ground in open;
(i) ground under grass; (iii) rock; (iv) termite nest; (v) leaf or
grass litter on ground; (vi) trunk, branch, or limb of tree; (vii)
canopy of tree; (viii) on grass off ground; (ix) on shrub; and (x)
in tangle of vegetation. Because we were also studying lizards
in terra firme forest in the area, we were able to establish that
T. hispidus does not occur within the forest. Microhabitat niche
breadths were calculated with the reciprocal of Simpson’s (42)
formula (31, 43). Niche breadth values vary from 1 to n with
low values indicating primary use of one or a few categories
and values approaching » indicating even use of all categories.

For morphological comparison of lizards between popula-
tions, we recorded the following variables: (i) snout-vent
length (SVL); (i) total body mass; (iii) head width; (iv) head
length; (v) head height; (vi) body width; (vii) body height, and
(vii) hind-leg length (26, 30).

We first compared body size of Tropidurus between popu-
lations. Because ontogenetic and sexual size variation existed
within populations, we restricted our size comparisons be-
tween populations to the same sex. Other morphological
analyses were based on regressions of morphological traits on
size. Consequently, all individuals (adults and immatures) were
included. For these, we transformed all morphological vari-
ables to log;o and used a principal components analysis (PCA)
to detect sources of variation in morphology in our samples.
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We also calculated residuals of the regressions of logs of all
morphological variables versus log SVL and applied a second
PCA to the residuals to examine morphological variation on
size-adjusted variables (6). The advantage of this analysis over
a series of pairwise comparisons of individual variables is that
by examining variation in all variables simultaneously, mor-
phological change can be assessed.

Values appear as means * 1 standard error. Voucher
specimens have been deposited in the herpetology collections
of the Museu Paraense Emilio Goeldi in Belém, the Museu de
Zoologia da Universidade de Sao Paulo, and the Oklahoma
Museum of Natural History. Representative frozen tissue
samples are deposited in the Genetic Resource Collection of
the Museum of Science, Louisiana State University.

DNA Amplification and Sequencing. Mitochondrial DNA
sequences were obtained for 10 T. hispidus individuals repre-
senting four populations; six from the Roraima rock outcrop
population (designated Roraima R) (LJV 4294-4296, 4298,
4300, 4303), two from the Roraima savanna population (des-
ignated Roraima S) (LJV 4443, 4458), one from northeastern
Brazil (Ibiraba, Bahia, MTR 886994, from M. T. Rodrigues),
and one from Venezuela (Bolivar, Cerro Guaiquinima, 450 km
NW Boa Vista; AMNH 136170). Tropidurus montanus (Serra
do Cip6, Minas Gerais, Brazil, MTR 887609, from M. T.
Rodrigues, University of Sdo Paulo) served as an outgroup for
phylogenetic analyses. Morphological evidence indicates that
T. montanus is within a clade that is the sister group to other
populations of 7. hispidus (19).

Genomic DNA was extracted from frozen muscle tissue
(44). A 714-bp fragment of the mitochondrial gene encoding
ATPase subunit 6 was amplified using PCR. Primers were as
follows: L9252(5'-AACCTGACCATGAACCTAAGCT-3")
and H9923(5'-TAGGAGTGTGCTTGGTGTGCCAT-3').
Numbers correspond to the most 3’ base in the chicken
sequence (45). The amplification program was 30 cycles of
92°C for 45 s, 55°C for 60 s, and 72°C for 90 s. Initial
amplifications from genomic DNA were gel purified (46) and
reamplified under identical conditions in a volume of 25 ul.
This second reaction was electrophoresed in 0.7% agarose,
excised, and purified with Geneclean (Bio 101). Approxi-
mately 100 ng of template DNA was sequenced in a thermal
cycler (Perkin—-Elmer/Cetus model 480) using the fmol Se-
quencing System (Promega) with primer end-labeling. Reac-
tion conditions for cycle sequencing were 95°C for 2 min,
followed by 30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C
for 60 s.

Reactions were denatured at 73°C for 3 min and electro-
phoresed on 8% Longranger (AT Biochem, Malvern, PA) gels.

DNA Sequence Analysis. DNA sequences were aligned
manually. Estimates of sequence divergence were computed
using MEGA (47). Evolutionary relationships among haplo-
types were inferred under the optimality criterion of parsimony

Table 1. Factor scores (unrotated) for PCA on log-transformed morphological variables and the
same variables adjusted for the effect of body size (SVL) for T. hispidus from Brazil

Log-transformed

Size-adjusted

PCI PCII PCI PCII PCIII
Snout-vent length 0.989 —0.057
Mass 0.995 —0.020 0.778 —0.066 0.439
Head width 0.985 —0.110 0.738 0.484 —0.235
Head length 0.989 —0.001 0.813 —0.066 -0.317
Head height 0.980 —0.082 0.785 0.336 —0.164
Body width 0.945 0.219 0.447 —0.578 0.499
Body height 0.940 0.286 0.552 —0.653 —0.128
Hind-leg length 0.963 -0.217 0.133 0.775 0.493
Eigen values 7.580 1.990 2.950 1.716 0.883
% of variance 94.7 2.5 42.1 24.5 12.6

PC, principal component.
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FiG. 2. Bivariate plot of PCA on morphological characteristics of
two T. hispidus populations occupying structurally different habitats
showing the first two principal components (PC) of log-transformed
morphological variables. R and S designate Roraima rock outcrop and
savanna populations, respectively.

as implemented in PAUP 3.1 (48) using the exhaustive search
option and equal weighting of all substitutions.

RESULTS

Ecological and Morphological Variation. Tropidurus used a
greater diversity of microhabitats in savanna than in the rock
outcrop (Fig. 1; refs. 29 and 30). Correspondingly, microhabi-
tat niche breadths were greater in the savanna (3.213) than in
the rock outcrop population (1.096). Virtually every individual
observed in the rock outcrop population ultimately retreated
to either rock crevices or under rocks situated on the outcrops.
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FiG. 3. Aligned ATPase 6 sequences for T. montanus
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No individuals retreated to the forest which acted as a com-
plete barrier to dispersal. Surveys of lizards in nearby forest
revealed a complete absence of Tropidurus even though 16
species in seven lizard families were found (30).

There was no significant difference between populations in
body size of sexually mature females (Kolmogorov—Smirnov
test, x> = 27.1, P = 0.1069; rock population, y = 74.9 = 1.60
mm, n = 40; savanna population, y = 74.8 = 0.89 mm, n =
44), but there was a significant difference in male size (Kol-
mogorov—Smirnov test, x* = 5.9, P < 0.0001; rock population,
X = 106.0 = 1.83 mm, n = 29; savanna population, y = 87.6 *
1.55 mm, n = 32).

A PCA of logs of morphological variables (Table 1) revealed
a size axis accounting for nearly 95% of the variation (PC I;
Fig. 2) with a shape axis (PC II) accounting for another 2.5%
of the variation (PCII, Fig. 2). It is evident in the bivariate plot
that both size and shape differ among populations. The size
differences are primarily due to differences in male size. The
PCA on size-adjusted morphological variables revealed three
axes accounting for 79.2% of the variation in shape (Table 1).
Factor I describes a variation gradient based primarily on
relative head size (head width, length, and height); factor II
describes a gradient based primarily on relative hind-leg length
and body height; and factor III describes a gradient based on
relative body width and body mass. Lizards on the rock outcrop
are relatively more flattened dorsoventrally and have longer
hind limbs when compared with those in the savanna (F; 161 =
52.5, P < 0.0001). They also weigh relatively less and have
relatively narrower bodies (Fy,161 = 13.7, P = 0.0003).

Genetic Variation. Six hundred thirty-eight bases of ATPase 6
sequence were obtained for all individuals (Fig. 3). Of these, 115
positions were variable. All localities were characterized by
unique haplotypes, and no mitochondrial polymorphisms were
observed for the six individuals sampled from the rock outcrop
population from Roraima. Among the T. hispidus haplotypes, the
smallest distance (1.4%) was between the two Roraima haplo-
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and four T. hispidus haplotypes. R and S designate Roraima rock outcrop and savanna

populations, respectively. Sequences are deposited in the GenBank database (accession nos. U83494-U83498).
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Table 2. Uncorrected (below the diagonal) and Kimura (above the diagonal) genetic distances

among T. hispidus (2-5) and T. montanus (1) haplotypes
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Haplotype 1 2 3 4 5
1. T. montanus — 0.172 0.183 0.175 0.172
2. Venezuela 0.151 — 0.039 0.046 0.048
3. Ibiraba 0.159 0.038 — 0.026 0.021
4. Roraima (S) 0.153 0.044 0.025 — 0.014
5. Roraima (R) 0.151 0.046 0.020 0.014 —

S, savanna population; R, rock outcrop population.

types, and the largest distance (4.8%) was between the Brazilian
Ibiraba haplotype and the Roraima rock outcrop haplotype
(Table 2). Distances were considerably larger between 7. mon-
tanus and the four T. hispidus haplotypes (17.2-18.3%) than
among 7. hispidus haplotypes. Phylogenetic analysis of the four 7.
hispidus haplotypes using T. montanus as the outgroup produced
a single most parsimonious tree in which the Ibiraba haplotype is
the sister to a lineage containing the Venezuelan and Roraima
haplotypes, within which the two Roraima haplotypes are most
closely related to one another (Fig. 4).

DISCUSSION

One of the primary objectives of studies on ecomorphology is
to link morphological differences among species to potential
causes of those differences (12, 49-54). Application of stan-
dard statistical tests for comparison has been criticized because
it does not account for the influence of nonindependent
evolutionary history. More explicitly, statistical tests assume
that data points are independent (3, 18, 55). This has led to an
explosion in the development of techniques generally referred
to as modern comparative methods (1, 2, 5, 56-65). Standard
statistical techniques can be used to compare evolutionary
units (populations or species) when the units are sister taxa
(but see ref. 66). These techniques have been used to examine
the coevolution of morphology, ecology, and performance
among species (7, 45, 65, 67-69).

We have shown that even between geographically close pop-
ulations of a widespread lizard, T. hispidus, morphology and
ecology can vary in response to changing habitat characteristics.
Lizards occurring on rock surface habitats are morphologically
compressed compared with savanna populations and have rela-
tively longer hind limbs. The morphological compression is

914 Ibiraba
82-88 75 Venezuela
91
912 .
=5 Roraima (S)
67
26
32 Roraima (R)
T. montanus

F1G. 4. Most parsimonious relationships among 7. montanus and T.
hispidus haplotypes (total number of mutational steps, 127; consistency
index for characters informative under parsimony, 0.704). Numbers above
internal branches are the proportion of times the branch appeared in
1,000 bootstrap replicates. Numbers below each branch are the minimum
and maximum number of mutations occurring along each branch under
all possible optimizations. R and S designate Roraima rock outcrop and
savanna populations, respectively.

similar to that reported in other populations and species of
Tropidurus occurring on rock surfaces in South America (26, 70).
Relatively longer hind legs on lizards from the rock surfaces is
consistent with the observation that lizards using open micro-
habitats tend to have longer hind legs than those using relatively
less open microhabitats (21,31, 32,43, 71-73). Presumably, longer
hind legs provide a performance advantage in open habitats,
where running speed is important for predator escape or prey
capture. However, performance consequences of morphological
divergence remain to be determined for these Tropidurus popu-
lations. Microevolutionary change in morphology (limb length)
has been observed in Caribbean anoles that were transplanted to
different islands, but the extent to which the morphological
change was due to habitat differences remains unclear (18). Our
results differ from those of Losos (18) suggesting phenotypic
response in morphology to habitat change in that we suggest
adaptive genetic change in morphology in a manner predicted by
habitat change.

The low genetic distance between the Roraima rock outcrop
haplotype and that in the nearest savanna population relative
to other T. hispidus haplotypes indicates that these populations
are closely related, recently diverged, and have not had a long
history of genetic isolation. Morphological stasis can occur
despite extensive molecular divergence among populations
and species [e.g., plethodontid salamanders (74)], or morpho-
logical evolution may be quite rapid and accompanied by little
divergence at the molecular level [e.g., cichlid fishes (75) and
echinoids (76)]. Morphological differentiation in the rock
outcrop T. hispidus appears to have been quite rapid relative
to molecular evolution.

Evaluating the causal basis of character evolution requires
integration of ecological and phylogenetic data (19, 54, 63, 77,
78) to test hypotheses of the origin and maintenance of
adaptation (79). Phylogenetic analysis indicates that the Ro-
raima rock outcrop haplotype is nested within other 7. hispidus
haplotypes. If the mitochondrial gene tree is representative of
the history of T. hispidus populations, then morphological
divergence in the rock outcrop population is a derived feature
within 7. hispidus. Likewise, the rock outcrop habitat repre-
sents a derived selective regime within 7. hispidus. Morpho-
logical changes exhibited by the rock outcrop population may
provide a performance advantage to individuals, in particular
the ability to use narrow crevices for escape (26, 70) and
potentially greater sprint speed associated with increased
hind-leg length (8). This change in selective regime coupled
with phenotypic evolution is consistent with an hypothesis of
adaptive morphological evolution in these lizards. Moreover,
genetic and paleoclimatological data indicate that adaptive
evolution has occurred rapidly in the rock outcrop population,
possibly resulting from the combined effects of a small effec-
tive population size, cessation of gene flow from the neigh-
boring savanna populations following isolation, and selection.

An alternative hypothesis is that differences in morphology
between populations reflect opposite extremes of a distribu-
tion of morphological phenotypes (54). The differences in
morphology between populations are (i) consistent with pre-
dictions based on other studies, (ii) in the direction predicted
(i.e., they are derived), and (iii) involve at least some skeletal
features (hind-limb bones). Taken together, the morphological
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variation is not consistent with an explanation based entirely on
differential expression of morphological phenotypes (i.e., phe-
notypic plasticity). Moreover, the morphological variation
between these populations of T. hispidus is greater than
morphological variation within any of 11 Tropidurus species we
have examined (L.J.V., unpublished data).

We thank M. T. Rodrigues (University of Sdo Paulo) and C. J. Cole
(American Museum of Natural History) who generously provided
tissues for this study. We gratefully acknowledge logistic support from
the Instituto Nacional de Pesquisas da Amazonia and the Museu de
Zoologia da Universidade de Sao Paulo. Field work was supported by
National Science Foundation Grant DEB-9200779 to L.J.V. and J.P.C.
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dation Grant DEB-9220870 to D. R. Frost and T.A.T.
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