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We infer the phylogeography of the Western Rattle-
snake (Crotalus viridis) using phylogenetic analysis of
mitochondrial DNA sequences from 1345 bp of the
genes for cytochrome b and NADH dehydrogenase
subunit 4. Two main clades are revealed: one includes
populations from east and south of the Rocky Moun-
tains (conventionally referred to as Crotalus viridis
viridis and C. v. nuntius), and the other consists of
populations west of the Rocky Mountains. Within the
western clade, a population from southern Arizona (C.
v. cerberus) represents the sister taxon to the remain-
ing western populations. The conventional subspecies
recognized in this species do not fully correspond to
the phylogenetic pattern, and a review of the system-
atic status of several populations is needed. Our data
allow the inferences that small body size evolved twice
and that the ability of one population (C. v. concolor) to
secrete highly lethal toxins related to Mojave toxin
arose within the complex. Our phylogeny should repre-
sent the basis for further studies on the causes of
geographical variation in this complex.
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INTRODUCTION

Considerable progress has been made in the past
decade in understanding intraspecific population struc-
ture and in the analysis of geographic variation and its
causes. This progress stems in considerable part from
allozyme electrophoresis (see summary in Avise, 1994),
followed more recently by the use of mitochondrial
DNA as a molecular marker at low taxonomic levels
(see Brown et al., 1979; Avise, 1986, 1994; Kocher et al.,
1989) and the associated evolution of phylogeographic
methodology (Avise et al., 1987; Avise, 1998). Phylogeog-
raphy seeks to reveal patterns of geographic variation
relative to the distributions of extant genealogies,
permitting further historical (distant or recent), phylo-
genetic, and ecogenetic interpretation (Avise, 1994,

1998; Riddle, 1996; Bernatchez and Wilson, 1998).
Moreover, this approach overcomes the limitations
associated with use of morphological character systems
alone, with which it can be difficult to separate ecoge-
netic adaptation (for example, natural selection for
local ecological conditions) from the effects of phylogen-
esis (for example, the isolation of taxa by vicariance or
other historical events) (Daltry et al., 1996; Thorpe et
al., 1991, 1994, 1995; Thorpe, 1996).

In addition, the availability of molecular phylogeo-
graphical information has greatly reinforced earlier
disaffection (e.g., Wilson and Brown, 1953; Thorpe,
1987) with the traditional taxonomic interpretation of
geographic variation. Traditionally, geographic varia-
tion within widespread continental species has been
described through the recognition of subspecies. How-
ever, more rigorous morphological and/or phylogeo-
graphic studies of populations so divided tend to reveal
several evolutionary species, which may not be congru-
ent with the conventional subspecies (e.g., Barker,
1992; Dorcas, 1992; Wuster et al., 1992; Wuster and
Thorpe, 1989, 1991; Zamudio and Greene, 1997). In
most cases, the subspecies in these complexes were
found to be trivially distinct local varieties or separate
species or, in some cases, heterogeneous entities com-
prising populations of several evolutionary lineages.

The recognition of the subspecies category is contro-
versial (Wilson and Brown, 1953), since many applica-
tions of the concept have involved the arbitrary subdivi-
sion of geographically variable populations, without
consideration of congruence between characters or the
causes of that variation (Thorpe, 1987; Frost and Hillis,
1990). Furthermore, the use of subspecies rank for
differentiated populations is likely to result in a misrep-
resentation of population phylogeny (Cracraft, 1989).

The need to resolve species systematics using robust
molecular phylogenies is therefore paramount, since
disregard for species status has serious implications
with respect to species conservation (e.g., Bernatchez
and Wilson, 1998; McElroy and Douglas, 1995; Avise et
al., 1998) and, in the case of the venomous snake
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species, toxicological research and the development of
efficient antivenoms for the treatment of bites (Wuster
and Thorpe, 1991; Wuster et al., 1992; Wuster and
McCarthy, 1996).

The Western Rattlesnake (Crotalus viridis) is an
ideal subject for the study of geographic variation and
its causes. This species occurs across a climatically and
physiographically diverse range, from southern Canada
to northern Mexico and from lowa to the Pacific coast
and is represented in all major vegetation zones (see
Brown, 1997; MacMahon, 1997; Whitney, 1998 for
descriptions of vegetation types). C. viridis exhibits
notable geographic variation in morphology (Klauber,
1972; Macartney et al., 1990), habitat preference, and
behavior (Klauber, 1972). The observed morphological
variation in C. viridis (adult color pattern and size) has
led to the description of nine subspecies (Fig. 1). Of
particular interest is the presence of two dwarfed
populations on the Colorado Plateau, currently known
as C. v. concolor and C. v. nuntius (Klauber, 1972). The
question of whether small body size arose once or twice
independently in C. viridis could help shed light on the
causes and correlates of body size evolution in snakes.

In addition to the intrinsic interest of the patterns of
variation in this species, it is also important to note
that C. viridis has become a popular study species in
fields ranging from movement ecology to foraging behav-
ior and toxicology (e.g., Duvall and Schuett, 1997;
Hayes, 1995; Katagiri et al., 1998), and it has in many
cases become a model organism representative of the
Viperidae in general. Due to its wide range, different
studies are often conducted in different parts of the
range of the species and on different subspecies. A full
understanding of the phylogeny and systematic status
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FIG. 1. The distribution of the currently recognized subspecies of
Crotalus viridis (after Klauber, 1972).
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of the populations involved is a prerequisite for the interpre-
tation and comparison of the results of these studies.

Variation in venom composition has been noted within
and between different populations and age groups of C.
viridis (Foote and MacMahon, 1977; Glenn and Straight,
1977; Young et al., 1980; Mackessy, 1988; Ownby et al.,
1988; Anaya et al., 1992; Mackessy, 1993), and unex-
pected clinical complications following bites have been
noted for some populations (e.g., Gibly et al., 1998). In
particular, the venom of one population, currently
known as C. v. concolor, displays very high lethality in
mouse experiments and contains the neurotoxic phos-
pholipase A, Concolor toxin (Glenn and Straight, 1977).
This toxin belongs to a group of toxins related to Mojave
toxin, first isolated from the Mojave Rattlesnake, Crota-
lus scutulatus. The presence of these toxins in rattle-
snake venoms is generally associated with extremely
high lethality. Populations of a number of other rattle-
snake species have venoms containing Mojave toxin-
like phospholipases (Glenn and Straight, 1985a) and
with correspondingly high lethality. The presence or
absence of this toxin often varies among different
populations of one species. In C. viridis populations
other than C. v. concolor, these toxins are normally
absent, except where possible hybridization with C.
scutulatus may have resulted in hybrid populations
with the relevant genes (Glenn and Straight, 1990). It
would clearly be of great interest to test whether this
variation is a function of phylogeny, natural selection
for diet variation (as appears to be the case in Cal-
loselasma rhodostoma—Daltry et al., 1996), or other
factors. Despite the potential medical importance of the
variability in the presence of Mojave toxin, there has so
far been no intraspecific phylogenetic study of a rattle-
snake species that includes both Mojave toxin-secret-
ing and nonsecreting populations.

A thorough review of the systematics and population
phylogeny of C. viridis is clearly needed for a fuller
understanding of the geographic variation in this spe-
cies complex. This paper examines the phylogenetic
relationships of the C. viridis complex based on mito-
chondrial cytochrome b and ND4 gene sequence data,
and we attempt to elucidate the intraspecific taxonomic
associations based on an historical interpretation of the
results. This robust phylogenetic hypothesis for the
various populations of C. viridis will serve as a basis for
future work on this complex.

MATERIALS AND METHODS

Preparation of DNA Template

Tissue or blood samples were obtained from 68
specimens from 33 localities representing most of the
range of C. viridis (Fig. 2, Appendix 1) and for two
outgroups, Crotalus scutulatus and Crotalus durissus.
Samples were taken from living rattlesnakes by caudal
venepuncture or obtained from institutional tissue
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FIG. 2. Sampling localities for C. viridis. UNITED STATES
California: 1, Modoc County; 2, Siskiyou County; 3, Tehama County;
4, Alameda County; 5, Stanislaus County; 6, Santa Cruz County; 7,
San Luis Obispo County; 8, Los Angeles County; 9, San Bernardino
County; 10, San Diego County; 11, Riverside County; Washington: 13,
Whitman County; Nevada: 14, Nye County; 15, Clark County;
Arizona: 16, Coconino County; 17, Graham County; 18, Pima County;
New Mexico: 19, Hidalgo County; 20, Dona Ana County; 21, Otero
County; 22, Eddy County; 23, Colfax County; Texas: 24, El Paso
County; 25, Hudspeth County; 26, Culberson County; 27, Sherman
County; Utah: 28, Washington County; 29, Salt Lake County; Wyo-
ming: 30, Sweetwater County; 31, Laramie County; Colorado: 32,
Moffat County; Montana: 33, Choteau County. MEXICO: 12, South
Coronado Island.

collections. Blood was stored in a buffer (2.0% SDS; 100
mM Tris, pH 8.0; 0.1 M EDTA, pH 8.0), and other body
tissues were stored in 80% ethanol.

Template DNA was extracted using a standard pro-
teinase K protocol (Miller et al., 1988; Sambrook et al.,
1989) without phenol/chloroform. Ice-cold 5 M ammo-
nium acetate and centrifugation was used to precipi-
tate and then pellet the proteins. DNA was then
precipitated from the resulting supernatant with ice-
cold isopropanol and centrifuged to form a pellet, which
was washed with 70% ethanol and air-dried (Buffone,
1985).

PCR

Double-stranded PCR (Saiki et al., 1988) was used to
amplify the mitochondrial DNA fragments of cyto-
chrome b (758 bp) and ND4 (900 bp). The cytochrome b
primers were 5'-TCA AAC ATC TCA ACC TGA TGA
AA-3’ (703Bot, L-strand; modified from Kocher et al.,
1989) and 5'-GGC AAATAG GAAGTATCATTC TG-3'
(H-strand; modified version of primer MVZ 16 of Moritz
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et al., 1992). The 5’ ends of these primers correspond to
positions 14977 and 15735 of the total mtDNA se-
guence of Dinodon semicarinatus (Kumazawa et al.,
1998), whereas the ND4 primers were primers ND4
and Leu of Arévalo et al. (1994); 50-ul reactions were
used, containing 50 ng template, 0.52 uM primers, 20
mM Tris—HCI, 50 mM KCI, 0.5 mM MgCl,, 0.4 uM
dNTP, 2 units Taqg DNA polymerase, 0.5% DMSO.
Amplification conditions involved an initial denatur-
ation step of 4 min at 94°C, 35 cycles of denaturation for
1 min at 94°C, primer annealing for 1 min at 50°C,
extension for 2 min at 72°C, ending with an extra
extension step for 3 min at 72°C, and cooling to 4°C.
PCR products were concentrated by pooling three prod-
ucts per sample and purified using the GenElute
(Supelco) nucleic acid purification Kit.

Single-Stranded Automated Sequencing

Single-stranded sequencing was carried out using an
automated method; 10-pl reactions containing approxi-
mately 50 ng PCR template, 0.16 pmol 5" primer
(703Bot for Cyt b reactions; ND4 for ND4 reactions),
and BigDye Terminator Ready Reaction Mix (ABI)
were cycled in a PE-ABI 9700 Thermal Cycler for 30 s
at 94°C, 50 cycles of 10 s at 96°C, 5 s at 50°C, 4 min at
60°C, and then cooled to 4°C. The samples were precipi-
tated using 2 M sodium acetate and 100% ethanol, and
the resulting pellet was washed in 70% ethanol and
air-dried. The samples were suspended in 4 pl of a
dextran blue EDTA/formamide loading buffer, and 1 pl
of this mixture was loaded onto a 5% Longranger gel
(Flowgen) in 1X TBE running buffer. The samples were
analyzed on an ABI 377 DNA Sequencer, generating a
chromatogram and a text sequence.

Selection of Haplotypes

Sequence chromatograms were viewed in Chromas
1.51 (Technelysium Pty. Ltd., 1998) and checked for
discrepancies against the corresponding text sequences,
which were aligned by eye. The analysis of sequences
from 68 individuals from 33 localities (Fig. 2) revealed
37 unique haplotypes, which were used as the basis for
all Cyt b analyses. For the purposes of outgroup
rooting, sequences from C. scutulatus and C. durissus
terrificus were also included.

After phylogenetic analysis of the cytochrome b se-
guences, 19 specimens of C. viridis, representing the
principal groupings observed, were selected for sequenc-
ing of the ND4 gene. Those ND4 sequences were used to
make a combined cyt b—ND4 data set, given that a
larger number of characters should provide a more
robust estimate of the matrilinear phylogeny of the
species (Wiens and Reeder, 1997).

Assessment of Phylogenetic Signal and Saturation

Pairwise sequence comparisons were made for the
independent cytochrome b and ND4 data sets using
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MEGA 1.02 (Kumar et al.,, 1993) to determine the
number, nature, distance, and distribution of base
substitutions. Skewness (g;) statistics were calculated
from 10® randomly generated trees in PAUP* 4.0b2
(Swofford, 1998) to evaluate the probability of phyloge-
netic signal (Hillis and Huelsenbeck, 1992; Hillis, 1991)
in the combined data set. Levels of saturation at first,
second, and third codon positions were assessed from
isometric plots of uncorrected pairwise sequence diver-
gences against Tamura—Nei (Tamura and Nei, 1993)
pairwise divergences for transitions and transversions,
in which deviations from the isometric lines represent a
qualitative measure of degree of saturation (Zamudio et
al., 1997 and references therein). There was no devia-
tion from the isometric line in plots for first and second
position transitions and transversions and third posi-
tion transversions. A more marked deviation was noted
for third position transitions among the ingroup taxa
(Fig. 3a), suggesting some saturation for these posi-
tions. As expected, this deviation increased with inclu-
sion of the outgroups (Fig. 3b).

Parsimony Analysis

The cytochrome b and combined data sets were
subjected to unweighted and weighted parsimony analy-
ses in PAUP* 4.0b2. Branch-and-bound searches were
used with the combined set, whereas the cyt b set was
limited by the number of taxa being compared to
heuristic searches (specifying random addition of se-
quences for 500 replications). Three assumptions were
applied to the combined set independently in separate
parsimony analyses to test the effects of saturation and
transition—transversion bias on tree topology, as fol-
lows: (1) all substitutions weighted equally; (2) codon
positions weighted first 4, second 10, third 1, calculated
according to Zamudio et al. (1997) and references
therein; and (3) transition and transversion ratio
weighted 1:6. Bootstrapping (Felsenstein, 1985) for 100
replications was conducted for all parsimony analyses.
Branch support was also assessed from decay indices

Percentage divergences
(uncorrected)

Tamura-Nei Pairwise Divergences (%)

FIG. 3. Isometric plots of the uncorrected pairwise sequence
differences (% difference) against Tamura—Nei indices of pairwise
divergences illustrating levels of saturation at 3rd codon position
transitions in mitochondrial DNA sequences of Crotalus viridis (a)
exclusive of outgroups and (b) inclusive of outgroups C. scutulatus
and C. durissus.
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calculated for all internal branches of the tree. This
method suggests that a branch present in one of the
most-parsimonious trees is more strongly supported by
the data if a large increase in length of additional trees
is required before that branch is lost (Bremer, 1994).
Decay indices were calculated from consensus trees
generated in PAUP* 4.0b2 using branch-and-bound
searches. Trees, one step longer in each successive
search, were retained using the “keep” option, starting
with a tree length one step longer than the optimal tree
and repeating the process until all internal structure
had been lost. The decay index for a particular branch
was calculated as the number of steps required to
collapse that branch.

Testing Alternative Hypotheses

We used two-tailed Wilcoxon signed-ranks tests
(Templeton, 1983) to test whether the cladograms
predicted by alternative phylogenetic hypotheses were
significantly different from the most-parsimonious tree
obtained in our analyses or whether differences in
topology were likely to have arisen as a result of chance
alone. To do this, we ran heuristic searches (random
addition, 500 replications) on the unweighted, com-
bined cyt b and ND4 dataset, constraining the analysis
to retain only the most-parsimonious trees compatible
with the alternative phylogenetic hypothesis to be
tested. Differences in tree length between each of the
constraint trees and the most-parsimonious trees ob-
tained from the unconstrained analysis were tested for
significance using the Wilcoxon signed-ranks test, as
implemented by PAUP* 4.0b2.

The following hypotheses were tested (see Appendix
2 for trees): (i) all conventional subspecies of C. viridis
are monophyletic; (ii) the presence of concolor toxin was
inherited from the ancestor of all C. viridis; to test this,
the analysis was constrained to retain only trees in
which C. v. concolor represents the sister group to all
other populations of C. viridis; (iii) small body size
arose only once in C. viridis; for this, the analysis was
constrained to retain only the most-parsimonious tree
in which C. v. concolor and C. v. nuntius are sister taxa;
and (iv) codistributed populations of C. viridis and
Phrynosoma douglassii have congruent biogeographic
histories; to test this, the analysis was constrained to
make the area cladogram of C. viridis congruent with
that of P. douglassii (Zamudio et al., 1997); populations
of C. viridis occurring outside the range of P. douglassii
(South Coronado Island, coastal California) were ex-
cluded from this analysis.

Maximume-Likelihood Analysis

Maximum-likelihood analysis was carried out in
PAUP* 4.0b2 following the procedure of Wiens et al.
(1999), in which likelihood scores were calculated for all
trees resulting from the unweighted parsimony analy-
sis using six nested likelihood models of increasing
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complexity. A heuristic search under the likelihood
optimality criterion, imposing the parameters for the
tree with the best likelihood score, was used to recalcu-
late the maximume-likelihood scores for all possible
trees and thereby to be certain that there were no
potentially “better” trees.

Molecular Clock Calibration

Assuming a provisional molecular clock can make a
useful guide for estimating species duration (Walker
and Avise, 1998), for timing divergence (e.g., Thorpe et
al., 1994), and for estimating population distribution
range shifts (Riddle, 1995). However, clock assump-
tions must be treated cautiously since the differences in
mtDNA evolution in higher vertebrate groups have not
yet been fully identified, and many studies have shown
considerable rate heterogeneity (Hasegawa and Kishino,
1989; Martinetal., 1992; Rand, 1994; Hilliset al., 1996;
Mindell et al., 1996). Nevertheless, the use of clock
assumptions for closely related taxa is generally consid-
ered to be more reliable than for distantly related taxa
(Caccone et al., 1997), which stems from the premise
that rates of evolution of a particular gene are likely to
be stable in closely related taxonomic groups, with
similar life histories, metabolic rates, and generation
times. In this respect, the estimation of “local” rates for
closely related taxa may be preferable over a “univer-
sal” rate (Hillis et al., 1996). Furthermore, estimating a
molecular clock can be complicated by the fact that
different parts of the mitochondrial DNA molecule
evolve at different rates. Rates of overall sequence
divergence estimated for the entire molecule (e.g., from
RFLP studies) may thus be misleading for studies
using sequences from specific genes.

So far, there have been no specific estimates for the
rate of sequence evolution of the cyt b and ND4 genes in
squamate reptiles. Zamudio and Greene (1997) pro-
vided a “ballpark” estimate of 0.47-1.32% my~! for
overall mtDNA divergence rates for small to medium-
sized ectotherms. Their estimated rates of cytochrome
b and ND4 sequence differentiation together with the
distribution of mtDNA haplotypes in bushmasters (La-
chesis) appear to coincide well with specific vicariant
geologic events, the uplifting of the Andes (14-11 Mya)
and the Cordillera de Talamanca (8-5 Mya). Accepting
these events as causing the split between Central and
South American bushmasters (8.44% sequence diver-
gence) and between Lachesis melanocephala and L.
stenophrys (5.30% sequence divergence) leads to esti-
mates of divergence rates of 0.60-0.76% my~! and
0.66—1.06% my~1, respectively. Since this appears to be
the only available calibration for the rate of sequence
divergence in the cyt b and ND4 genes in squamates,
we will base our estimate of the divergence times of the
C. viridis lineages in subsequent sections of this paper
on these rates. Clearly, further evidence on the rate of
evolution of these genes in squamates would be desir-
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able, especially in view of their considerable impor-
tance in squamate phylogenetics in recent years.

RESULTS

Sequence Variation

Atotal of 37 unique haplotypes from 68 samples of C.
viridis was obtained for 678 bp of cyt b sequence,
corresponding to the segment between positions 15045
and 15720 of the total mtDNA sequence of Dinodon
semicarinatus (Kumazawa et al., 1998). In addition,
669 bp of ND4 sequence were obtained, corresponding
to the segment between positions 11743 and 12396 of
Dinodon, for 19 selected individuals of C. viridis and
the two outgroup taxa. For the combined analysis, 1345
bp were aligned, of which 165 sites (12.27%) were
variable among the ingroup taxa (22.45% including
outgroups) and 122 sites (9%) were parsimony informa-
tive (12.27% including outgroups). Uncorrected (p)
sequence divergence ranged between 0.2 and 6.1%
among ingroup taxa, between 7.1 and 7.8% between C.
viridis and C. scutulatus, and between 12.7 and 13.6%
between C. viridis and C. durissus. The level of similar-
ity in number and distribution of transitions and
transversions in the two mitochondrial fragments, as
well as the absence of stop codons, provides satisfactory
evidence that both fragments were mitochondrial and
not nuclear (Lopez et al., 1994; Arctander, 1995). Fur-
ther support is found in the similarity in genetic
distance in taxa for both cyt b and ND4 and congruence
between clade composition and order. Tree length distri-
bution, determined from random sampling of 10® un-
weighted trees, was significantly skewed to the left
(g, = —1.179), suggesting strong phylogenetic signal in
the data (P < 0.01; Hillis, 1991; Hillis and Huelsen-
beck, 1992).

Phylogenetic Relationships

The unweighted heuristic analysis of the 37 unique
cyt b sequences resulted in 24 equally most-parsimoni-
ous trees (length = 202; CI = 0.649; Rl = 0.877), the
bootstrap consensus of which is shown in Fig. 4. C. v.
cerberus is represented as the sister group of the
remainder of the C. viridis complex. Within the remain-
der of the complex, a clade consisting of C. v. viridis and
C. v. nuntius (east and south of the Rocky Mountains)
constitutes the sister clade of the populations west of
the Rocky Mountains. However, bootstrap support for
these groupings is weak.

The results of the parsimony analysis of the com-
bined cyt b—~ND4 data set are summarized in Table 1.
As expected, the combined data set provided a sufficient
number of informative characters to produce a better
resolved tree. The unweighted branch-and-bound analy-
sis generated a total of 10 equally most-parsimonious
trees (440 steps; Cl = 0.747; Rl = 0.793) (Fig. 5). The
main clades in the consensus receive high bootstrap
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FIG. 4. Consensus of 24 most-parsimonious trees from an unweighted heuristic search for the 678-bp mitochondrial cytochrome b
sequence data. Numbers on branches represent percentage bootstrap support for 100 iterations. Lowercase abbreviations refer to the
conventional subspecies to which the relevant populations are normally assigned: ab, abyssus; ca, caliginis; ce, cerberus; co, concolor; he,
helleri; nu, nuntius; lu, lutosus; or, oreganus; vi, viridis. Terminal numbers refer to localities (see Fig. 2), and uppercase abbreviations refer to

United States states (BC, Baja California, México).

and Bremer support (4—23), although some resolution
is lost within them.

Anearly identical topology was achieved from weight-
ing the codon positions 4:10:1, which generated two
equally most-parsimonious trees (969 steps; Cl = 0.565;
Rl = 0.771). The only structural difference was im-
proved resolution in the most terminal group of C. v.
viridis. Weighting transversions to transitions 6:1 re-
sulted in a single most-parsimonious tree (length = 846;
Cl = 0.8085; Rl = 0.8087). Marginally improved resolu-
tion was noted in the C. v. viridis-C. v. nuntius clade

TABLE 1

Summary of Results for Unweighted and Weighted
Branch-and-Bound Parsimony Analyses for the Com-
bined cyt b-ND4 Data Sets

Model No. trees  Tree length Cl RI
Unweighted 10 440 0.747  0.793
Codons weighted 4:10:1 2 969 0.565 0.771
TS:TV ratio 6:1 1 846 0.808 0.809

and resolution was lost in the C. v. helleri-C. v. caliginis
clade. In both instances, overall bootstrap support was
high despite minor differences in the values on some
branches and reduced support for monophyly of the
Pacific coast clade within the western clade.

The highest maximum-likelihood score (In L =
—3960.90) was obtained using the general time-
reversible model with rate heterogeneity (GTRr: La-
nave et al. 1984; Rodriquez et al. 1990). A x? test showed
that the GTRr model generated a significantly better
likelihood result (P < 0.005) than the other models
used. The topology of the “best tree” was identical to
that in Fig. 5.

The consistency of the results of the combined cyt
b—ND4 dataset, irrespective of weighting regime, sup-
ports a single phylogenetic hypothesis for C. viridis.
Two major clades are apparent within the C. viridis
complex. The first includes the populations of C. v.
viridis and C. v. nuntius, with a distribution south and
east of the Rocky Mountains, and the second includes
all remaining taxa west of the Rocky Mountains. The
western group comprises three main divisions, C. v.
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FIG. 5. The consensus of 10 most-parsimonious trees from an
unweighted branch-and-bound search for the 1345-bp combined cyt
b-ND4 sequence data, showing the regional distribution of the
mitochondrial haplotype clades. Branch numbers represent boot-
strap support for 100 iterations (above) and Bremer support values
(below). See Fig. 4. for interpretation of labels.

cerberus in the southwest, a group corresponding to the
Great Basin region (lutosus—abyssus), and a Pacific
regional group (caliginis—helleri—oreganus—concolor). C.
V. cerberus appears as the sister taxon to the remaining
western populations in all trees in which this relation-
ship is resolved. The only geographical incongruence is
the grouping of our sample of C. v. concolor (a Colorado
Plateau population) within the Pacific group.
Bootstrap and Bremer support are high for most
groups, except for the monophyly of the Pacific regional
group and some relationships therein, as well as inter-
nal resolution within the C. v. viridis and C. v. nuntius
clade. The close relationship between C. v. viridis and
C. v. nuntius is also supported by the low levels (under
1%) of sequence divergence within this clade, which is
considered to be low when distances are compared
among and between other ingroup taxa. The position of
C. v. cerberus as a sister group to all other C. viridis
populations in the cyt b tree is not concordant with the
results of the combined data sets. However, bootstrap
and Bremer support for the sister group position of C. v.
cerberus in the analysis of the cyt b sequences is weak,
whereas support for the position of C. v. cerberus as a
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sister taxon to the other western populations is high in
the combined analyses. In any case, C. v. cerberus still
forms a third distinct clade, separate from the other
western populations.

Phylogenetic Hypotheses (Wilcoxon Signed-Ranks Tests)

The results of the Wilcoxon signed-ranks tests are
summarized in Table 2. All results were found to be
statistically significant, suggesting that in each case
the data reject the alternative hypothesis in favor of the
most parsimonious interpretation. We can therefore
reject the hypotheses that the various subspecies of C.
viridis are monophyletic, that concolor toxin was inher-
ited from the common ancestor of all C. viridis, that
small body size evolved only once in C. viridis, and that
C. viridis and P. douglassii share a common biogeo-
graphic history.

Molecular clock estimates (Table 3) date the C.
viridis lineage back as far as the mid-Miocene or
earlier. It would seem that differentiation into eastern
and western forms, closely followed by separation of C.
V. cerberus from the remaining western taxa, probably
took place early in the history of the lineage, late
Miocene to early Pliocene.

DISCUSSION

Mitochondrial DNA Phylogeny and Systematics of the
C. viridis Complex

The results of this study reveal a well-resolved
phylogeny and identify a number of haplotype clades
which, judging from their levels of sequence diver-
gence, represent long-separated lineages. As is often
the case in studies of this kind, the distribution of the
mitochondrial haplotypes is not fully congruent with
the subspecies recognized by Klauber (1972). Whereas
the populations of some subspecies form distinct clades,
others are rooted deep within clades of other subspe-

TABLE 2

Results of the Wilcoxon Signed-Ranks Tests (Templeton,
1983) for Three Alternative Phylogenetic Hypotheses

N3 Z; Py N>  Z; P>
Subspecies monophyly 14 -3.207 0.0013 25 —2.268 0.0233
Ancestral origin of
Concolor toxin 23 —3.128 0.0018 29 —-2.537 0.0112

Single evolution of
small size

Biogeography con-
gruent with Phryno-
soma douglassii

71 —7.4019 <0.0001 76 —7.040 <0.0001

67 —7.759 <0.0001

Note. The highest (N;) and lowest (N,) values are shown of the
range of values obtained. A significant result (P < 0.05) indicates that
the data reject each alternative hypothesis in favor of the most-
parsimonious trees.
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TABLE 3

Inferred Times of Divergence within the C. viridis
Complex Estimated from Mitochondrial cyt b and ND4
Nucleotide Sequence Data, Using a “Reptile” Rate of
0.60-1.06% my~! Calculated Using Information from
Zamudio and Greene (1997)

mtDNA clock (% my—1)

Sequence
Evolutionary divergence divergence (%) 0.60 1.06
East from west 5.6 9.34 5.28
C. v. cerberus from west 35 5.84 3.30

cies. Thus, C. v. caliginis and C. v. abyssus are rooted
within C. v. helleri and C. v. lutosus, respectively,
making these paraphyletic. Similarly, C. v. nuntius
may be rooted within C. v. viridis. Thus, of the nine
conventional subspecies, six are thus either paraphy-
letic or insignificant local variants rooted deep within
other clades.

A highly significant Wilcoxon signed-ranks test re-
sult further rejects the hypothesis of monophyly of the
subspecies in favor of the topology in which some of the
subspecies groupings are violated. The basal split of C.
viridis into an eastern and a western lineage agrees
with the results of Quinn (1987). The same is true of the
close association of C. v. viridis and C. v. nuntius in the
present phylogeny, which supports the idea that these
populations may share recent common ancestry. Within
the western group, our evidence of a close association
between populations conventionally assigned to C. v.
abyssus and those assigned to C. v. lutosus agree with
evidence from morphological similarity (Klauber, 1972)
and venom protein profiles (Young et al., 1980). This
result suggests either recent common ancestry or con-
tinued gene flow between these two populations where
their ranges meet at the north rim of the Grand
Canyon. Opportunity for gene flow at the north rim
may be enhanced due to the easier natural access to the
Grand Canyon provided by tributary canyons (Young et
al., 1980). Further investigation is required to clarify
the relationships of these populations.

The recognition of the nine conventional subspecies
of C. viridis as categories of equal rank masks and
confounds the strong phylogenetic pattern present.
Clearly, the subspecies cannot be regarded as catego-
ries of equal rank, since some appear to be local
varieties without independent phylogenetic histories,
whereas others appear to constitute separate lineages
with a long history of independent evolution.

The clear separation of populations east and west of
the Rocky Mountains and the presence of C. v. cerberus
as an isolated southwestern population suggest that
these populations may represent separate evolutionary
species. However, further evidence from other data sets
(Thorpe, 1996; Cannatella et al., 1998), such as nuclear

POOK, WUSTER, AND THORPE

markers and/or morphology, should be sought before
definitive changes can be recommended. This addi-
tional evidence serves to test for potential effects of
lineage sorting (Moore, 1995) and to test various causal
hypotheses of geographic variation, which may not
necessarily be a reflection of population phylogeny (e.g.,
Thorpe etal., 1991, 1995; Daltry et al., 1996).

Evolution of Small Body Size

Small adult body size evolved twice independently in
C. viridis, once in the eastern clade (C. v. nuntius) and
once in the Pacific coast clade (C. v. concolor), a
hypothesis that is strongly supported by a highly
significant result from the Wilcoxon signed-ranks test.
This convergence offers excellent opportunities for the
testing of the causes, correlates, and consequences of
the evolution of small body size in snakes.

Evolution of Venom Composition

The populations of C. v. concolor, with highly lethal
venoms containing Concolor toxin, are rooted within
the Pacific coast clade. The ability to secrete this
particular component appears to have arisen de novo
within this part of the complex. This hypothesis is
strongly supported by statistically significant results of
the Wilcoxon signed-ranks tests, which show that the
data support the most-parsimonious tree more strongly
than the alternative phylogenetic hypotheses. It is
interesting to note that the other dwarfed population of
the complex, C. v. nuntius, is not known to secrete
Mojave toxin-like venom components.

This is the first analysis in which the phylogenetic
position of populations secreting Mojave toxin-like phos-
pholipases A, relative to nonsecreting populations is
assessed. Variation in this characteristic is known in
other rattlesnake species (e.g., Glenn and Straight,
1978, 1985a,b, 1990; Gutierrez et al., 1991) and similar
analyses in these other taxa may help to elucidate the
causes and correlates of the ability to secrete this
highly toxic venom component. This issue is also of the
utmost importance with respect to improving the treat-
ment of snake bite.

Although the rooting of C. v. concolor with the Pacific
coast rattlesnakes is difficult to comprehend from a
geographical point of view, it is congruent with previous
results on venom composition. Despite the presence of
Concolor toxin and its associated properties in C. v.
concolor, Foote and MacMahon (1977) noted greater
similarity in the venom profiles of C. v. concolor and
southern Pacific rattlesnakes (C. v. helleri) than be-
tween C. v. concolor and those from the Great Basin (C.
v. lutosus). This result is consistent with the phyloge-
netic position of these taxa as presented here. Further-
more, Young et al. (1980) note that the venom profiles of
the subspecies of C. viridis examined (abyssus, nuntius,
lutosus, and concolor) showed only small differences,
which are consistent with the minor morphological
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differences noted by Klauber (1972). Another interest-
ing observation from venom studies is the greater
similarity of C. v. cerberus venom to C. v. viridis venom
than to venom of one of the western forms, C. v. lutosus
(Foote and MacMahon, 1977), despite the fact that C. v.
cerberus is the sister taxon to the remaining western
populations.

Biogeography

The main clades show strong concordance with the
major geographic areas of the western United States
(Figs. 5 and 6). This regional structuring closely re-
sembles that described by Zamudio et al. (1997) for
short-horned lizards (P. douglassii), but there are statis-
tically significant differences. The C. viridis phylogeny,
for example, is rooted across the Rocky Mountains,
whereas P. douglassii is rooted in the Pacific northwest.
The C. viridis group shows a more distinct partitioning
of the Colorado Plateau populations: some are associ-
ated with the populations south and east of the Rocky
Mountains (C. v. viridis, C. v. nuntius populations),
others with the Great Basin (C. v. lutosus), and, surpris-
ingly, the populations of C. v. concolor (also from the
Colorado Plateau) with the Pacific coast clade. Finally,
P. douglassii is not represented by populations corre-
sponding geographically with the west coast popula-

FIG. 6. Distribution of the major mitochondrial clades in Crota-
lus viridis. Numbers refer to the sample localities listed in Fig. 2.
Locality no. 16 is represented in two different clades; however, there
is no actual sympatry between the two haplotype clades, since
locality 16 represents a large county including the Grand Canyon as
well as part of the Colorado Plateau. The very bold line represents the
basal split between the eastern/southern clade and the bold line the
split between C. v. cerberus and the remaining western clades.
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tions of C. viridis. This disparity in the geographic
distributions of haplotypes is supported by the highly
significant results obtained from the Wilcoxon signed-
ranks tests, which reject the hypothesis that codistrib-
uted populations of C. viridis and P. douglassii might
have congruent biogeographic histories.

Vicariance events associated with the uplifting of the
North American western Cordillera throughout the
mid-Miocene to late-Pliocene (17 and 1.64 Mya), and
possibly extending into the early Pleistocene, explain
most effectively the major separations of the C. viridis
complex. In particular, the Colorado Plateau appears to
represent an important center of phylogeographic parti-
tioning within this species. It has to be assumed,
however, that ancestral C. viridis must have already
been reasonably widespread throughout the west at
this time.

From the estimated times of divergence (Table 3), it
would seem that the eastern lineages may have sepa-
rated from the western lineages during the mid-
Miocene to early Pliocene (5-9 Mya). The tectonic
activity responsible for the uplifting of the Rocky
Mountains had virtually ended; however, there contin-
ued an extended period of significant volcanism in the
southwest associated with the formation of the pla-
teaux now associated with the Grand Canyon and, in
particular, the Colorado Plateau (Hunt, 1967; Whitney,
1996). Extensive lava flows and deposition of volcanic
ash (throughout the late Tertiary and Quaternary
periods) have played a significant role in sculpturing
the Colorado Plateau landscape, even into more recent
times in the Pleistocene (Hunt, 1974).

The geological activity associated with the Colorado
Plateau and surrounding area, together with the shift
in vegetational distribution, appears to coincide with
the estimated time of basal split between C. viridis east
and south of the Rocky Mountains (C. v. viridis and C.
v. nuntius) and the remainder of the complex. The most
southwesterly extremity of the current range of the C.
v. viridis—C. v. nuntius clade corresponds to the moun-
tainous zone of the Canyon and Datil Section of the
Colorado Plateau, which roughly defines the Plateau’s
southern rim. The Grand Canyon may present a bar-
rier to further westerly spread of this clade. This
argument is consistent with the hypothesis that ex-
treme volcanic activity taking place around the south-
ern edge of the Colorado Plateau and around the Grand
Canyon throughout the mid-Miocene to mid-Pliocene
must have presented a major biogeographic barrier
that prevented further south-southwesterly movement
of the eastern C. viridis lineage, with the result that
these populations became gradually separated from the
western forms.

During the same time period (3—6 Mya), a significant
climatic change occurred resulting from the Sierra
Nevadan—Cascadian orogeny, which initiated the pro-
cess of aridification in the west (Potts and Behrens-
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meyer, 1992; Whitney, 1996; Brown, 1997). Increasing
aridity, together with the rain-shadow effect of the
Rocky Mountains (Axelrod, 1985; Potts and Behrens-
meyer, 1992), caused a gradual replacement of largely
semi-open sclerophyllous woodlands by shrubsteppe
and open and desert grasslands (Axelrod, 1985; Keeley
and Keeley, 1989; Sims, 1989; Brown, 1997; Zamudio et
al., 1997), which, east of the Rocky Mountains, marked
the start of the expansion of the Great Plains (Axelrod,
1985). Further differentiation of the east and southeast
Rocky Mountain populations involved adaptation in
concert with the gradually expanding grassland and
desert shrub habitat associated with climatic change.
The present distribution of C. v. cerberus within the
southern limits of the Basin and Range Province and
delimited by the southern rim of the Colorado Plateau
and the Central Highlands is consistent with the sister
group relationship with the western as opposed to the
eastern forms found in our phylogeny. The separation
and isolation of the C. v. cerberus lineage from the
remaining western populations also falls within the
late Miocene to early Pliocene but appears to have
followed between 2 and 4 Mya after the divergence of
the eastern lineage. Continued volcanic disturbance
spreading into the Basin and Range Province (Hunt,
1974), together with a rapid expansion of regional
deserts associated with the aridification process (Riddle,
1995), restricted the forests to cooler, moister, upland
areas (Potts and Behrensmeyer, 1992) with large ex-
panses of inhospitable terrain in between (Whitney,
1996). Consequently, in the late Miocene to mid-
Pliocene, populations of C. viridis became isolated in
relict montane forests in Arizona, prevented from redis-
persal. These isolated populations gave rise to modern
C. v. cerberus, which is found only in woodland habitats
and for which, at present, there is no reliable evidence
of contact with other members of the species group.
Interpretation of the remaining western clades corre-
sponding to the Pacific and Great Basin regions is more
difficult. Our results would suggest more recent diver-
gence of these lineages, and it is possible that gene flow
continued throughout the Pacific and Great Basin
regions during the formation of the Sierra Nevada and
Cascade Mountains. These mountain chains now form
firm barriers between the two regions with the excep-
tion of a pass in the Sierra Nevada Mountains in
Northeast California through which there may be
limited gene flow between C. v. oreganus (northern
Pacific) and C. v. lutosus (Great Basin). Similarly, a
contact zone exists between C. v. oreganus and C. v.
helleri where the ranges of these populations meet
(Klauber, 1972). The colonization of South Coronado
Island (off the northwest coast of Mexico), traditionally
recognized as C. v. caliginis, is clearly a recent event,
and the only haplotype from this island is contained
within the clade of the southern coastal populations (C.
v. helleri). It is likely that the island was occupied
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during the repeated cycles of eustatic lowering of sea
levels coincident with Pleistocene glaciations. The sta-
tus of C. v. caliginis as a subspecies must be regarded
as open to question.

The sister group relationship between the widely
separated southern Pacific coast populations (C. v.
helleri) and those from southwestern Wyoming (C. v.
concolor) appears geographically incongruent. How-
ever, Bremer support for this relationship is weak. If
substantiated by further studies, it may be explicable
as vicariance due to the continued aridification of the
southwestern United States during the latter part of
the Pliocene to early Pleistocene (Hunt, 1974). This
hypothesis would suggest the original existence of a
continuous population extending from southern Califor-
nia to the Colorado River Valley. The final stages of
aridification and habitat change (Webb, 1977) around
the mid- to late- Pliocene (2—3 Mya) would have led to
the extinctions of populations in the lower and middle
Colorado River Valley and the existence of relict popula-
tions on the Colorado Plateau and in the mesic parts of
southern California. The middle course of the Colorado
River, especially the Grand Canyon, was later occupied
by populations originating from the Great Basin (C. v.
lutosus, C. v. abyssus), which may now be contiguous
with C. v. concolor. A phylogeographic pattern uniting
populations from southern California and the upper
Colorado River might also be found in other wide-
ranging, non-hot-desert species of similar age in the
southwestern United States.

The fossil record reveals that C. viridis was wide-
spread by the start of the Pleistocene, with a distribu-
tion not dissimilar from that of the present day (Hol-
man, 1995); judging from the scenario outlined above,
the various C. viridis clades may already have been
well defined. This distribution is thought to have
remained fairly stable throughout the Pleistocene (Hol-
man, 1995), despite some changes resulting from the
fluctuating climate. Despite these changes, evidence is
lacking to support the once-popular hypothesis that
most of the present-day Great Basin desert reptiles
have extended their ranges into the Basin through
post-Pleistocene range expansions from Mexican refu-
gia (Holman, 1995). This is rejected by our sequence
analyses: the Great Basin is occupied by a distinctive
clade of populations (conventionally assigned to C. v.
lutosus) which is not found elsewhere. The average
sequence divergence of 2.63% from its sister clade, the
Pacific coast populations, suggests that these popula-
tions have occupied at least parts of the Great Basin
continuously for the last 2.5-4.5 million years. Instead,
C. viridis could easily have survived in woodland
habitats during cooler periods.

This study represents an important contribution
toward our knowledge of the systematics of the western
rattlesnake and should provide a broader phylogenetic
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context for further studies of the population systemat-
ics and evolutionary biology of the Crotalus viridis
complex.

APPENDIX 1

Specimens for Which Sequence Data Were Obtained

Crotalus durissus terrificus: Brazil: S&o Paulo: Pinda-
monhangaba WW 136 AF147877; AF194168 (IB
55600-1).

Crotalus scutulatus scutulatus: USA: New Mexico:
Dona Ana Co. 050 AF147876; AF194167 (UTEP(CRH)
153).

Crotalus viridis abyssus: USA: Arizona: Coconino Co.
[16]: 010 AF147857; AF194148 (TM).

Crotalus viridis caliginis: México: Baja California
Norte: Isla Coronado Sur [12]: 014 AF147858; AF194149
(TM).

Crotalus viridis cerberus: USA: Arizona: Graham Co.
[17]: 016; AF147859; AF194150 (TM), 117 (WCS); Pima
Co. [18]: 047 (ASDM 91076).

Crotalus viridis concolor: USA: Wyoming: Sweetwa-
ter Co. [30]: 065 AF147860; AF194151, 066, 068-071 (KA).

Crotalus viridis helleri: USA: California: Los Angeles
Co. [8]: 096 AF147861; AF194152 (RM), 097, (ROM
19656), 098 (RM1967); Riverside Co. [11]: 007 (WH
H65), 008 (WH H63), 009 AF147862; AF194153 (WH
H91); San Bernardino Co. [9]: 022 (MC 84070401), 039
(WH H18); San Diego Co. [10]: 079 AF147863; AF194154
(UTEP17519).

Crotalus viridis lutosus: USA: California: Modoc Co.
[1]: 020 AF147871; AF194162 (MC 87083001); Utah:
Washington Co. [28]: 021 AF147865; AF194156 (MC);
Salt Lake Co. [29]: 099 (ROM19760), 100 (ROM 19761).
Nevada: Clark County [15]: 011 AF147864; AF194155
(TM); Nye Co. [14]: 101 (ROM1).

Crotalus viridis nuntius: USA: Arizona: Coconino Co.
[16]: 012 AF147875; AF194166 (TM).

Crotalus viridis oreganus: USA: California: Alameda
Co. [4]: 102 (ROM 19764), 104 (MVZ 150247), 105 (MVZ
150245), 106 AF147874; AF194165 (MVZ 150248), 108
(MVZ 128187), 109 (MVZ 128188), 111 (MVZ 128193);
San Luis Obispo Co. [7]: 017 (TM), 023 (MC 97052501);
Santa Cruz Co. [6]: 026 AF147873; AF194164 (WH
003); Tehama Co. [3]: 001 AF147870; AF194161, 002-
004 (LS), 089 CA (LS); Siskiyou Co. [2]: 088, 090 (LS);
Stanislaus Co [5]: 114 (MVZ 150250). Washington:
Whitman Co. [13]: 006 (WH 007); 025 (WH 013)
AF147872; AF194163.

Crotalus viridis viridis: USA: Colorado: Moffat Co.
[32]: 055 AF147867; AF194158, 056-057 (KA). Mon-
tana: Choteau Co. [33]: 093-095 (ROM 16109, RM 2053,
RM 2058). New Mexico: Colfax Co. [23]: 076 (UTEP
14754); Dona Ana Co. [20]: 048 AF147866; AF194157
(UTEP 17625); 074 (UTEP 17518); 085 (UTEP 17714);
086 (UTEP 17715); Eddy Co. [22]: 044 (ASDM 92290);
Hidalgo Co. [19]: 015 (TM); Otero Co. [21]: 073 (UTEP
15871); Texas: El Paso [24]: 046 (ASDM 92302); Hud-
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speth Co. [25]: 075 (UTEP 14147), 078 (UTEP 15469);
Sherman Co. [27]: 081 AF147869; AF194160 (UTEP
15872) Wyoming: Laramie Co. [31]: 059, 060 AF147868;
AF194159, 063 (KA).

Note. The first number refers to the sample number
of C. Pook; abbreviations and numbers in brackets
represent institution voucher number/captivity refer-
ence code or personal credit (UTEP, University of Texas
El Paso; ASDM, Arizona-Sonora Desert Museum; TM,
Tom Moisi; WH, Bill Hayes; KA, Kyle Ashton; LS, Lee
Simons; MC, Mike Cardwell; MVZ, Museum of Verte-
brate Zoology, Berkeley; RM, Ross MacCulloch; ROM,
Royal Ontario Museum, Toronto; IB, Instituto Butan-
tan, S&o Paulo; WCS, Wade Sherbrooke; WW, W.
Waster). Where applicable, GenBank accession num-
bers (italics) follow sample numbers of C. Pook refer-
ence. Numbers (in square brackets) are the localities
codes shown in Fig. 2.

APPENDIX 2

Constraint Trees Used to Test Alternative Phyloge-
netic Hypotheses Using the Wilcoxon Signed-Ranks
Test (Templeton, 1983)

(1) Monophyly of subspecies categories:
(sc23,du,(ab16,cal2,cel7,c030,nul6,(hell, hel0,he8),-
(lu15,lu28,lul),(vi23,vi32, vi31,vi27),(or3,0r13,0r6,0r4))).

(2) Evolution of Concolor toxin de novo within the
Crotalus viridis lineage C. v. concolor as a sister group
to all the other C. viridis, which represent a single
monophyletic group: (du,sc23,(co30,(abl6,cal2,cel?,-
hell,hel0,he8,lul5,lu28,vi23,vi32,vi31,cel7,0r3,lul,or
13,0r6,0r4,nul6))).

(3) Evolution of small body size within C. viridis:
(du,sc23,((co30,nul6),abl6,cal2,cel7,hell,hel0,he8,-
lul5,1u28,vi23,vi32,vi31,or 3,lul,orl3,0r6,0r4)).

(4) A hypothetical phylogeny based on the area
cladogram for P. douglassii (Zamudio et al., 1997) to
test whether codistributed populations of C. viridis and
P. douglassii have had congruent biogeographic histo-
ries:
(sc23,du,((ab16,c030,lul5,lu28,vi32,lul,nul6),(cel?,-
vi23,vi31,vi27)),(or3,0r13)).

Note. Abbreviations refer to taxon (du, Crotalus
durissus; sc, Crotalus scutulatus; Crotalus viridis: ab,
abyssus; ca, caliginis; ce, cerberus; co, concolor; he,
helleri; nu, nuntius; lu, lutosus; or, oreganus; vi, viri-
dis); numbers refer to the localities listed in Fig. 2.

ACKNOWLEDGMENTS

Many thanks to all those who have given advice, to those who have
assisted with samples, fieldwork, and laboratory work and especially
to those who gave support and accommodation to C. Pook during her
work in the United States: K. Ashton, B. and D. Bartholomew, D.
Belcher, M. Cardwell, S. Creer, J. B. Dickson, R. Drewes, G. J.
Duckett, H. W. Greene, T. Griffiths, W. K. Hayes, T. LaDuc, N. and C.
Lannutti, C. Leib, A. Leviton, R. Lucas, S. Mackessy, M. MacMillan,
A. Malhotra, J. Maldanado, J. Manzer, T. Moisi, K. O'Keefe, E. Rael,
M. G. Saloméao, G. W. Schuett, P. Sena, J. Schweikert, L. Simons, J.



280

Slowinski, J. Vindum, J. Wiens, C. J. Wild, K. Zamudio, California
Academy of Sciences, Arizona Sonora Desert Museum, North Dakota
Game and Fish Department, Wyoming Game and Fish Department,
Washington Department of Fish and Wildlife, Arizona Game and
Fish Department, Oregon Department of Fish and Wildlife, Nevada
Division of Wildlife, Texas Parks and Wildlife Department, Colorado
Department of Natural Resources, Idaho Department of Fish and
Game, Utah Wildlife Resources Department, New Mexico Depart-
ment of Game and Fish, and California Wildlife Protection Division.
This research was funded by the Natural Environmental Research
Council (studentship to C.E.P.). During this study, W.W. was funded
by a Research Career Development Fellowship from the Wellcome
Trust.

REFERENCES

Anaya, M., Rael, E. D., Lieb, C. S., Perez, J. C., and Salo, R. J. (1992).
Antibody detection of venom protein variation within a population
of the rattlesnake Crotalus v. viridis. J. Herpetol. 26: 473-482.

Arctander, P. (1995). Comparison of a mitochondrial gene and a
corresponding nuclear pseudogene. Proc. R. Soc. Lond. B 262:
13-19.

Arévalo, E., Davis, S. K., and Sites, J. W., Jr. (1994). Mitochondrial
DNA sequence divergence and phylogenetic relationships among 8
chromosome races of the Sceloporus grammicus complex (Phryno-
somatidae) in Central Mexico. Syst. Biol. 43: 387-418.

Avise, J. C. (1986). Mitochondrial DNA and the evolutionary genetics
of higher animals. Philos. Trans. R. Soc. Lond. B 312: 325-342.

Avise, J. C. (1994). “Molecular Markers, Natural History and Evolu-
tion,” Chapman & Hall, New York.

Avise, J. C. (1998). The history and purview of phylogeography: A
personal reflection. Mol. Ecol. 7: 371-379.

Avise, J. C.,Arnold, J., Ball, R. M., Bermingham, E., Lamb, T., Neigel,
J. E., Reeb, C. A., and Saunders, N. C. (1987). Intraspecific
phylogeography: The mitochondrial DNA bridge between popula-
tion genetics and systematics. Annu. Rev. Ecol. Syst. 18: 489-522.

Avise, J. C., Walker, D., and Johns, G. C. (1998). Speciation durations
and Pleistocene effects on vertebrate phylogeography. Proc. R. Soc.
Lond. B 265: 1707-1712.

Axelrod, D. I. (1985). Rise of the grassland biome, central North
America. Bot. Rev. 51: 164-201.

Barker, D. G. (1992). Variation, infraspecific relationships, and
biogeography of the ridgenose rattlesnake, Crotalus willardi. In
“Biology of the Pitvipers” (J. A. Campbell and E. D. Brodie, Jr.,
Eds.), pp. 89-106. Selva, Tyler, TX.

Bernatchez, L., and Wilson, C. C. (1998). Comparative phylogeogra-
phy of Nearctic and Palearctic fishes. Mol. Ecol. 7: 431-452.

Bremer, K. (1994). Branch support and tree stability. Cladistics 10:
295-304.

Brown, L. (1997). “Grasslands. National Audubon Society Nature
Guides,” Knopf, New York.

Brown, L. M., George, M., Jr., and Wilson, A. C. (1979). Rapid
evolution of animal mitochondrial DNA. Proc. Natl. Acad. Sci. USA
76:1967-1971.

Buffone, G. J. (1985). Isolation of DNA from biological specimens
without extraction with phenol. Clin. Chem. 31: 164-165.

Caccone, A., Milinkovitch, M. C., Sbordoni, V., and Powell, J. R.
(1997). Mitochondrial DNA rates and biogeography in European
newts (Genus Euproctus). Syst. Biol. 46: 126-144.

Cannatella, D. C., Hillis, D. M., Chippindale, P. T., Weigt, L., Rand, A.
S., and Ryan, M. J. (1998). Phylogeny of frogs of the Physalaemus
pustulosus species group, with an examination of data incongru-
ence. Syst. Biol. 47: 311-335.

Cracraft, J. (1989). Speciation and its ontology: The empirical
consequences of alternative species concepts for understanding

POOK, WUSTER, AND THORPE

patterns and processes of differentiation. In “Speciation and its
Consequences” (D. Otte and J. A. Endler, Eds.), pp. 28-59. Sinauer,
Sunderland, MA.

Daltry, J. C., Wuster, W., and Thorpe, R. S. (1996). Diet and snake
venom evolution. Nature 379: 537-540.

Dorcas, M. E. (1992). Relationships among montane populations of
Crotalus lepidus and Crotalus triseriatus. In “Biology of the
Pitvipers” (J. A. Campbell and E. D. Brodie, Jr., Eds.), pp. 71-88.
Selva, Tyler, TX.

Duvall, D., and Schuett, G. W. (1997). Straight-line movement and
competitive mate searching in prairie rattlesnakes, Crotalus viri-
dis viridis. Anim. Behav. 54: 329-334.

Felsenstein, J. (1985). Confidence limits on phylogenies: An approach
using the bootstrap. Evolution 39: 783—-791.

Foote, R., and MacMahon, J. (1977). Electrophoretic studies of
rattlesnake (Crotalus and Sistrurus) venom: Taxonomic implica-
tions. Comp. Biochem. Physiol. 57B: 235-241.

Frost, D. R., and Hillis, D. M. (1990). Species in concept and practice:
Herpetological applications. Herpetologica 46: 87—-104.

Gibly, R. L., Walter, F. G., Nowlin, S. W,, and Berg, R. A. (1998).
Intravascular hemolysis associated with North American crotalid
envenomation. J. Toxicol.-Clin. Toxicol. 36: 337-343.

Glenn, J. L., and Straight, R. C. (1977). The midget faded rattlesnake
(Crotalus viridis concolor) venom: Lethal toxicity and individual
variability. Toxicon 15: 129-133.

Glenn, J. L., and Straight, R. C. (1978). Mojave rattlesnake Crotalus
scutulatus scutulatus venom: Variation in toxicity with geographi-
cal origin. Toxicon 16: 81-84.

Glenn, J. L., and Straight, R. C. (1985a). Distribution of proteins
immunologically similar to Mojave toxin among species of Crotalus
and Sistrurus. Toxicon 23: 28.

Glenn, J. L., and Straight, R. C. (1985b). Venom properties of the
rattlesnakes (Crotalus) inhabiting the Baja California region of
Mexico. Toxicon 23: 769-775.

Glenn, J. L., and Straight, R. C. (1990). Venom characteristics as an
indicator of hybridization between Crotalus viridis viridis and
Crotalus scutulatus scutulatus in New Mexico. Toxicon 28: 857—
862.

Gutiérrez, J. M., dos Santos, M. C., de Fatima Furtado, M., and Rojas,
G. (1991). Biochemical and pharmacological similarities between
the venoms of newborn Crotalus durissus durissus and adult
Crotalus durissus terrificus rattlesnakes. Toxicon 29: 1273-1277.

Hasegawa, M., and Kishino, H. (1989). Confidence limits on the
maximume-likelihood estimate of the hominoid tree from mitochon-
drial-DNA sequences. Evolution 43: 672-677.

Hayes, W. K. (1995). Venom metering by juvenile prairie rattle-
snakes: Effects of prey size and experience. Anim. Behav. 50:
33-40.

Hillis, D. M. (1991). Discriminating between phylogenetic signal and
random noise in DNA sequences. In “Phylogenetic Analysis of DNA
Sequences” (M. Miyamoto and J. Cracraft, Eds.), pp. 278-294.
Oxford Univ. Press, New York.

Hillis, D. M., and Huelsenbeck, J. P. (1992). Signal, noise, and
reliability in molecular phylogenetic analyses. J. Hered. 83: 189—
195.

Hillis, D. M., Mable, B. K., and Moritz, C. (1996). Applications of
molecular systematics: The state of the field and a look to the
future. In “Molecular Systematics” (D. M. Hillis, C. Moritz, and B.
K. Mable, Eds.), pp. 515-543. Sinauer, Sunderland, MA.

Holman, J. A. (1995). “Pleistocene Amphibians and Reptiles in North
America,” Oxford Monographs on Geology and Geophysics No. 32.
Oxford Univ. Press, New York.

Hunt, C. B. (1974). “Natural Regions of the United States and
Canada,” Freeman, San Francisco.



BIOGEOGRAPHY OF THE RATTLESNAKE Crotalus viridis

Katagiri, C., Ishikawa, H. H., Ohkura, M., Nakagawasai, O., Tadano,
T., Kisara, K., and Ohizumi, Y. (1998). Properties of specific binding
site of myotoxin «, powerful convulsant, in brain microsomes. Can.
J. Physiol. Pharmacol. 76: 395-400.

Keeley, J. E., and Keeley, S. C. (1989). Chaparral. In “North American
Terrestrial Vegetation” (M. G. Barbour and W. D. Billings, Eds.),
pp. 165-207. Cambridge University Press, NY.

Klauber, L. M. (1972). “Rattlesnakes, Their Habits, Life Histories,
and Influence on Mankind,” Univ. of California Press, Berkeley.

Kocher, T. D., Thomas, W. K., Meyer, A., Edwards, S. V., Paabo, S.,
Villablanca, F. X., and Wilson, A. C. (1989). Dynamics of mitochon-
drial DNA evolution in animals: Amplification and sequencing with
conserved primers. Proc. Natl. Acad. Sci. USA 86: 6196—-6200.

Kumar, S., Tamura, K., and Nei, M. (1993). “MEGA: Molecular
Evolutionary Genetics Analysis, version 1.01,” The Pennsylvania
State Univ., University Park, PA.

Kumazawa, Y., Ota, H., Nishida, M., and Ozawa, T. (1998). The
complete nucleotide sequence of a snake (Dinodon semicarinatus)
mitochondrial genome with two identical control regions. Genetics
150: 313-329.

Lanave, C., Preparata, G., Saccone, C., and Serio, G. (1984). A new
method for calculating evolutionary substitution rates. J. Mol.
Evol. 20: 86-93.

Lopez, J. V., Yuhki, N., Masuda, R., Modi, W., and O'Brien, S. J.
(1994). Numt, a recent transfer and tandem amplification of
mitochondrial DNA to the nuclear genome of the domestic cat. J.
Mol. Evol. 39: 174-190.

Macartney, J. M., Gregory, P. T., and Charland, M. B. (1990). Growth
and sexual maturity of the western rattlesnake, Crotalus viridis, in
British Columbia. Copeia 1990: 528-542.

Mackessy, S. P. (1988). Venom ontogeny in the Pacific rattlesnakes
Crotalus viridis helleri and C. v. oreganus. Copeia 1988: 92-101.

Mackessy, S. P. (1993). Fibrinogenolytic proteases from the venoms of
juvenile and adult northern Pacific rattlesnakes (Crotalus viridis
oreganus). Comp. Biochem. Physiol. 106B: 181-189.

MacMahon, J. A. (1997). “Deserts. National Audubon Society Nature
Guides,” Knopf, New York.

McElroy, D. M., and Douglas, M. E. (1995). Patterns of morphological
variation among endangered populations of Gila robusta and Gila
cypha (Teleostei: Cyprinidae) in the Upper Colorado River Basin.
Copeia 1995: 636—649.

Martin, A. P., Naylor, G. J. P, and Palumbi, S. R. (1992). Rates of
mitochondrial DNA evolution in sharks are slow compared with
mammals. Nature 357: 153-155.

Miller, S. A. D., Dykes, D., and Polesky, H. F. (1988). A simple salting
out procedure for extracting DNA from human nucleated cells.
Nucleic Acids Res. 16: 1215.

Mindell, D. P., Knight, A., Baer, C., and Huddlestone. (1996). Slow
rates of molecular evolution in birds and the metabolic rate and
body temperature hypotheses. Mol. Biol. Evol. 13: 422-426.

Moore, W. S. (1995). Inferring phylogenies from mtDNA variation:
Mitochondrial-gene trees versus nuclear-gene trees. Evolution 49:
718-726.

Moritz, C., Schneider, C. J., and Wake, D. B. (1992). Evolutionary
relationships within the Ensatina eschscholtzii complex confirm
the ring species interpretation. Syst. Biol. 41: 273-291.

Ownby, C. L., Aird, S. D., and Kaiser, I. I. (1988). Physiological and
immunological properties of small myotoxins from the venom of the
midget-faded rattlesnake (Crotalus viridis concolor). Toxicon 26:
319-323.

Potts, R., and Behrensmeyer, A. K. (1992). Late Cenozoic terrestrial
ecosystems. In “Terrestrial Ecosystems through Time,” pp. 419—
541. Univ. of Chicago Press, Chicago.

Quinn, H. R. (1987). “Morphology, Isozymes, and Mitochondrial DNA

281

as Systematic Indicators in Crotalus,” PhD thesis, Univ. of Hous-
ton.

Rand, D. M. (1994). Thermal habit, metabolic rate and the evolution
of mitochondrial DNA. Trends Ecol. Evol. 9: 125-131.

Riddle, B. R. (1995). Molecular biogeography in the pocket mice
(Perognathus and Chaetodipus) and grasshopper mice (Onchomys):
The late Cenozoic development of a North American aridlands
rodent guild. 3. Mammal. 76: 283—-301.

Riddle, B. R. (1996). The molecular phylogeographic bridge between
deep and shallow history in continental biotas. Trends Ecol. Evol.
11:207-211.

Rodriguez, R., Oliver, J. L., Marin, A., and Medina, J. R. (1990). The
general stochastic model of nucleotide substitution. J. Theor. Bio.
142: 485-501.

Saiki, R. K., Gelfand, D. H., Stoffel, S., Scharf, S. J., Higuchi, R.,
Horn, G. T., Mullis, K. B., and Erlich, H. A. (1988). Primer-directed
enzymatic amplification of DNAwith a thermostable DNA polymer-
ase. Science 239: 487-491.

Sambrook, J., Frisch, E. F., and Maniatis, T. E. (1989). “Molecular
Cloning: A Laboratory Manual,” Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, Laboratory Press, NY.

Sims, P. L. (1989). Grasslands. In “North American Terrestrial
Vegetation” (M. G. Barbour and W. D. Billings, Eds.), pp. 266—286.

Swofford, D. L. (1998). “PAUP*. Phylogenetic Analysis Using Parsi-
mony (*and Other Methods). Beta Test Version 4.” Sinauer, Sunder-
land, MA.

Tamura, K., and Nei, M. (1993). Estimation of the number of
nucleotide substitutions in the control region of mitochondrial
DNA in humans and chimpanzees. Mol. Biol. Evol. 10: 512-526.

Templeton. (1983). Phylogenetic inference from restriction endonucle-
ase cleavage site maps with particular reference to the evolution of
humans and the apes. Evolution 37: 221-244.

Thorpe, R. S. (1987). Complex clines: The predictivity of complicated
patterns of geographic variation portrayed by multivariate analy-
sis. Biol. J. Linn. Soc. 31: 75-88.

Thorpe, R. S. (1996). The use of DNA divergence to help determine
the correlates of evolution of morphological characters. Evolution
50: 524-531.

Thorpe, R. S., Brown, R. P.,, Malhotra, A., and Wuster, W. (1991).
Geographic variation and population systematics: Distinguishing
between ecogenetics and phylogenetics. Boll. Zool. 58: 329-335.

Thorpe, R. S., McGregor, D. P., Cumming, A. M., and Jordan, W. C.
(1994). DNA evolution and colonization sequence of island lizards
in relation to geological history: MtDNA RFLP, cytochrome b,
cytochrome oxidase, 12srRNA sequence and nuclear RAPD analy-
sis. Evolution 48: 230-240.

Thorpe, R. S., Malhotra, A., Black, H., Daltry, J. C., and Wuster, W.
(1995). Relating geographic pattern to phylogenetic process. Phi-
los. Trans. R. Soc. Lond. B 349: 61-68.

Walker, D., and Avise, J. (1998). Principles of phylogeography as
illustrated by freshwater and terrestrial turtles in the southeast-
ern United States. Annu. Rev. Ecol. Syst. 29: 23-58.

Webb, S. D. (1977). A history of savanna vertebrates in the New
World. Part I: North America. Annu. Rev. Ecol. Syst. 8: 355-380.
Whitney, S. R. (1996). “A Field Guide to the Grand Canyon,” The

Mountaineers, Seattle, WA.

Whitney, S. (1998). “Western Forests. National Audubon Society
Nature Guides,” Knopf, New York.

Wiens, J. J., and Reeder, T. W. (1997). Phylogeny of the spiny lizards
(Sceloporus) based on molecular and morphological evidence. Her-
petol. Monogr. 1: 1-101.

Wiens, J. J., Reeder, T. W., and De Oca, A. N. M. (1999). Molecular
phylogenetics and evolution of sexual dichromatism among popula-



282

tions of the Yarrow's spiny lizard (Sceloporus jarrovii). Evolution,
53:1884-1897.

Wilson, E. O., and Brown, W. L. (1953). The subspecies concept and
its taxonomic application. Syst. Zool. 2: 97-111.

Wauster, W., and McCarthy, C. J. (1996). Venomous snake systematics:
Implications for snake bite treatment and toxinology. In “Envenom-
ings and Their Treatments” (C. Bon and M. Goyffon, Eds.), pp.
13-23. Foundation Marcel Mérieux, Lyon.

Wister, W., and Thorpe, R. S. (1989). Population affinities of the
Asiatic cobra (Naja naja) species complex in south-east Asia:
Reliability and random resampling. Biol. J. Linn. Soc. 36:
391-409.

Wister, W., and Thorpe, R. S. (1991). Asiatic cobras: Systematics and
snakebite. Experientia 47: 205-209.

POOK, WUSTER, AND THORPE

Wuster, W., Otsuka, S., Thorpe, R. S., and Malhotra, A. (1992).
Morphological variation in Russell’s viper in Burma and Thailand.
Herpetol. J. 2: 99-101.

Young, R. A., Miller, D. M., and Ochsner, D. C. (1980). The Grand
Canyon rattlesnake (Crotalus viridis abyssus): Comparison of
venom protein profiles with other viridis subspecies. Comp. Bio-
chem. Physiol. 66B: 601-603.

Zamudio, K. R., and Greene, H. W. (1997). Phylogeography of the
bushmaster (Lachesis muta: Viperidae): Implications for neotropi-
cal biogeography, systematics, and conservation. Biol. J. Linn. Soc.
62: 421-442.

Zamudio, K. R., Jones, K. B., and Ward, R. H. (1997). Molecular
systematics of short-horned lizards: Biogeography and taxonomy of
a widespread species complex. Syst. Biol. 46: 284-305.



	INTRODUCTION 
	FIG. 1. 

	MATERIALS AND METHODS 
	FIG. 2. 
	FIG. 3. 

	RESULTS 
	FIG. 4. 
	TABLE 1 
	FIG. 5. 
	TABLE 2 
	TABLE 3 

	DISCUSSION 
	FIG. 6. 

	APPENDIX 1 
	APPENDIX 2 
	ACKNOWLEDGMENTS 
	REFERENCES  

