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A PHYLOGENETIC ANALYSIS OF BODY SIZE EVOLUTION AND BIOGEOGRAPHY IN

CHUCKWALLAS (SAUROMALUS) AND OTHER IGUANINES

KENNETH PETREN! AND TED J. CASE
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Abstract.—The evolution of body size was reconstructed in chuckwallas (genus Sauromalus), large herbivorous lizards
of southwest North America, using a phylogeny derived from sequence variation in the mitochondrial cytochrome b
gene. The body mass of two endemic island species (S. hispidus and S. varius) is typically fivefold larger than mainland
species. We tested the hypothesis that large body size has evolved on these islands in response to local ecological
conditions against the alternative hypothesis that large size is simply retained from large iguanine ancestors. The most
parsimonious tree topology depicts the insular gigantic Sauromalus as monophyletic, having diverged from a common
ancestor on the Baja California peninsula after the radiation of smaller bodied clades. In a robustness analysis of this
topology, we found general support for this tree over alternative topologies representing minimum evolution hypotheses
that imply large body size is retained from large iguanine ancestors. The most parsimonious reconstruction of body
size evolution implies a change from large to small size after the Sauromalus ancestor diverged from Iguana, and one
reversal back to large size within Sauromalus. The large size increase in the gigantic clade contrasts with evolutionary
stasis of small body size (for an iguanine) in mainland populations. The gigantic species show 3-4% total sequence
divergence from S. obesus populations on the nearby Baja California peninsula, and mainland populations of S. obesus
obesus show similar levels of divergence from each other. An analysis of character transitions and comparative behavior
implicates predation, and its relaxation on isolated islands, as a strong selective force in Sauromalus. Patterns of
genetic differentiation in Sauromalus and biogeographic implications are discussed.
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Island organisms are well known for their unusual traits
that often obfuscate their origin and history. Body size is
arguably the most fundamental characteristic defining dif-
ferences between closely related species (Darwin 1859; Elton
1949; Hutchinson 1959; Peters 1983; Gittleman 1985; Brown
1995; Pianka 1995) and is a trait that seems to change most
readily on islands (Mertens 1934; Foster 1964; Case 1978;
Lister 1989). Islands often harbor gigantic or dwarfed forms
compared to mainland relatives, yet closely related species
may show different responses to biotically depauperate island
environments, suggesting that multiple processes interact to
determine size shifts (Foster 1964; Case 1978). For example,
black tiger snakes (Notechis ater nigra) occur on islands off
South Australia, which were connected to one another or to
the mainland as recently as 6000 years ago (Robinson et al.
1986), yet today snakes on these islands show up to five-fold
variation in body size (Schwaner 1985; Schwaner and Sarre
1990). In the Sea of Cortéz, the rattlesnake Crotalus mitchellii
has evolved a gigantic form on the island of Angel de la
Guarda, but the closely related endemic form on the island
of El Muerto are dwarfs (Klauber 1956). The maximum body
lengths of these two forms differ by a factor of two and span
nearly the entire range of body size for the genus Crotalus.

We reconstructed phylogenetic relationships in the herbiv-
orous iguanine lizard genus Sauromalus to determine the or-
igin of the endemic gigantic species living on islands in the
Sea of Cortéz. The island endemics Sauromalus hispidus and
S. varius are up to five-fold larger in body mass compared
to mainland species and other Sauromalus on islands in the
Sea of Cortéz (Shaw 1945; Case 1982). The gigantic species

! Present address: Department of Ecology and Evolutionary Bi-
ology, Princeton University, Princeton, New Jersey 08544-1003;
E-mail: petren@princeton.edu.

differ not only in size, but in morphology, coloration, life
history, and behavior (Shaw 1945; Case 1978, 1982; Iverson
1980; Ryan 1982; Carothers 1984; Smits 1985).
Competing hypotheses exist regarding the origin of gi-
gantism in the insular Sauromalus. Shaw (1945) hypothesized
that the gigantic species diverged earliest, which implies (if
it is assumed that the genera most closely related to Saurom-
alus were large-bodied) that large size in S. hispidus and S.
varius was simply retained from iguanine ancestors (e.g.,
Iguana, Ctenosaura, Conolophus, Cyclura). The recent evo-
lution of small body size in mainland forms would be con-
sistent with a pattern of Holocene dwarfism associated with
recent human impacts (Pregill 1986; Case et al. 1992). Al-
ternatively, Case (1978, 1982) suggested that large size may
have evolved in Sauromalus on these islands from smaller
mainland chuckwalla ancestors as a response to ecological
conditions on these islands. This implies a different sequence
of evolutionary events: small size evolved early in mainland
Sauromalus, followed by the reappearance of large size in
insular S. hispidus and S. varius. The appearance of large
body size as a recently derived character on islands is not
without precedent in other insular lizards. A phylogenetic
reconstruction of the xantusiid lizards using mtDNA (Hedges
et al. 1991) suggests that the large insular species of the
California Channel Islands, Xantusia riversiana, is sister tax-
on to the smaller mainland X. vigilis and does not represent
an endemic genus as previously believed (Savage 1963).
Sauromalus hispidus inhabits Angel de la Guarda, an island
estimated to have separated from the Baja California pen-
insula approximately one million years ago (Moore 1973;
Lonsdale 1989). Sauromalus varius is endemic to San Esteban
Island, which, conversely, shares geological and biogeo-
graphical affinities with mainland Mexico (Felger and Lowe
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1976; Case 1983; Cody et al. 1983; Murphy 1983a). It is not
known whether the endemic Sauromalus on these two islands
owe their origin to vicariant events associated with their for-
mation, or whether they colonized at a later time.

We used cytochrome b sequence divergence to reconstruct
phylogenetic relationships in Sauromalus. Other iguanine
genera were included to improve phylogenetic and character
reconstructions. Historically, there has been considerable un-
certainty regarding the relationships among iguanine genera
(Avery and Tanner 1971; de Queiroz 1987; Norell and de
Queiroz 1991). The robustness of the best phylogenetic tree
was evaluated against alternative topologies that lead to dif-
ferent conclusions of body size evolution based on the cri-
terion of maximum parsimony.

Uncovering the sequence of evolutionary events helps to
distinguish adaptations from exaptations, and strengthens in-
ferences of selective forces based on current environmental
conditions (Gould and Vrba 1982; Baum and Larson 1991).
Body size may be influenced by many diverse selection pres-
sures, so it is expected that the direction of body size evo-
lution will depend on a number of other traits and environ-
mental circumstances. We employ the method of inferring
transitions of characters from ancestral state reconstructions
to interpret body size evolution (Farris 1970; Brooks and
McLennan 1991; Miles and Dunham 1993), and discuss ev-
idence for the current utility of body size differences in Sau-
romalus.

MATERIALS AND METHODS

Multiple Sauromalus populations were sampled throughout
the range of the genus to detect ambiguous species and sub-
species boundaries (Fig. 1, Table 1). Representative samples
from all iguanine genera (except Amblyrhynchus) were in-
cluded to improve phylogenetic and body size reconstruc-
tions. Whole blood (0.25-0.5 mL) was taken from the caudal
vein (Esra et al. 1975) in the presence of EDTA and stored
in an equal volume of phosphate buffered saline and two
volumes of 95% ethanol. For some individuals, toe clips or
tail clips in 95% ethanol were used.

Total DNA was isolated by salt precipitation (Miller et al.
1988) followed by one extraction with phenol-chloroform/
isoamyl alcohol (24:23:1), and one with chloroform/isoamyl
alcohol (23:1; Maniatis et al. 1982). Total genomic DNA (0.1
prg) was used in a PCR reaction (Mullis et al. 1986; White
et al. 1989) with combinations of universal and specifically
designed primers (numbers refer to human mtDNA loca-
tions): L14703-24, L15149-73, H15577-57, and H15173-49
(Palumbi et al. 1991); L14817-41, H15775-52 (Kocher et al.
1989); and H15341-65 (Radtkey et al. 1995). Reaction con-
ditions varied, but most yielded a single clean product by
denaturing at 93°C for-1 min., annealing for 1 min at 46°C
to 48°C, extending for 2 iin at 72°C, and repeating these
steps for 35 cycles. We included 3.0 mM MgCl,, 0.2 mM
dNTP, 0.4 pM of each primer, and 1-2 units Taq polymerase
(Promega) in a total volume of 50 pL. Asymmetric PCR
products were generated for direct sequencing by adding 5
pL of the first round reaction to a similar mixture of com-
ponents in 100 pL total volume, but with the addition of only
one primer.
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Sequencing of asymmetric templates was proceeded by
purification with centrifugal filtration (30 pm Millipore car-
tridge filters) to remove unincorporated primer. The appro-
priate PCR primers were used for external or internal se-
quencing in a standard reaction with 35S dATP (T7 Sequenase
v 2.0, U.S. Biochemical). Sequencing reactions were elec-
trophoresed on 6% denaturing polyacrylamide gels, fixed
with acetic acid and methanol, dried, and exposed for 2—4 d
(Maniatis et al. 1982). Both strands were sequenced (average
overlap was 75%) transcribed using MacVector (1991),
aligned by eye in PAUP (Swofford 1991) and transferred to
other programs for analysis as indicated below.

Character State Reconstructions

We used snout—vent length (SVL) as our measure of body
size, and treated this variable as continuous (Table 2). Ig-
uanine genera show considerable body size variation, so an
approximate value reflecting the general body size within
each genus was used. Within populations of Sauromalus,
measures of body size vary extensively over time, and choos-
ing a continuous metric for comparison is problematic.
Chuckwallas are known to forgo breeding during drought
years when resources are low (Berry 1974; Case 1982), and
droughts may last several years, causing great fluctuations in
the age and size structure of populations. Upper decile snout-
vent length (UDSVL) was used because this metric is less
prone to such fluctuations than the arithmetic mean SVL
(Case 1976). Size variation among populations on the main-
land and Baja California peninsula are nearly an order of
magnitude less than the difference between these populations
and the gigantic species (Case 1976).

Of the eight currently recognized iguanine genera, only
Brachylophus, Dipsosaurus, and Sauromalus are mostly small
bodied (approximately less than 1 kg and < 220 mm SVL).
Many others (Cyclura, Iguana, Conolophus, Amblyrhynchus,
and Ctenosaura) are considerably larger than the largest
chuckwalla, but some Ctenosaura species are similar in size
to the smaller-sized Sauromalus. Upper decile SVL are avail-
able for all Sauromalus taxa, but could only be approximated
for other iguanine genera from maximum and mean SVL data.
The body size at ancestral nodes was inferred using the
squared-change parsimony method (Maddison 1991), as well
as the linear change parsimony method (Swofford and Mad-
dison 1987; Maddison and Maddison 1992), which assumes
a model allowing more rapid change along branches.

RESULTS

Genetic Divergence and Phylogenetic Reconstruction

Total Jukes-Cantor corrected sequence divergence in cy-
tochrome b within Sauromalus was less than 7% (Table 3).
The gigantic species S. hispidus and S. varius differed by 2—
3% from each other, and by 3-4% from the nearest mainland
populations, whereas some S. 0. obesus populations showed
similar levels of divergence. Sequences of individuals con-
sidered to be S. 0. obesus from Baja California differed from
other S. o. obesus populations by 5-6%. The relatively small
divergence within Sauromalus contrasted with the much



