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ABSTRACT: The Western Rattlesnake (Crotalus viridis), the most widespread and phenotypically variable rattlesnake in North
America, has been partitioned into nine subspecies based on size, color, pattern, scutellation, and geographic distribution. Several
subspecies, especially those occurring in the western portion of the range, have proved difficult to identify due to similarities in
scutellation, color and pattern ontogeny, and because specimens fade in preservative. Over a half-century has elapsed since
Laurence Klauber’s extensive work on the C. viridis group. Since that time, researchers have used a range of phenotypic
characters to further elucidate relationships among members of this group, but a comprehensive phylogenetic analysis
incorporating a wide range of morphological characters has not been accomplished. Analyses of snake lineages
using mitochondrial (mt) DNA genes as molecular markers appear promising in reconstructing relationships, substantiating
previously identified clades, and revealing new ones. Since 1987, three studies using mtDNA gene sequences have partitioned
the C. viridis complex into eastern and western groups, but researchers have been unable to resolve relationships in the latter.
The goal of this study was to evaluate earlier results and to resolve relationships in the western clade by utilizing two rapidly
evolving mtDNA genes (ATPase 8 and 6). We sampled from a wide range of populations, emphasizing those from the
Colorado Plateau because it is an area pivotal to understanding the evolution of C. viridis. In this region, six taxa (C. v.
abyssus, C. v. cerberus, C. v. concolor, C. v. lutosus, C. v. nuntius, and C. v. viridis) potentially contact one another in the area
of the Grand Canyon. The remaining three taxa occur west of the Colorado Plateau. Crotalus v. helleri and C. v. oreganus
are found along the Pacific Coast and inland, and C. v. caliginis is restricted to Isla Sur of the Islas de los Coronados off the
coast of Baja California Norte.

Our study includes all nine subspecies of the C. viridis complex plus two outgroups (153 individuals, 111 from the Colorado
Plateau), and results were derived from 669 base pairs of sequence data. Net percent sequence divergence ranged from 0.4 + 0.2
(viridis and nuntius) and 1.0 £ 0.3 (abyssus and lutosus), to 7.3 £ 0.9 (lutosus and nuntius). Weighted and unweighted maximum
parsimony (MP), maximum likelihood (ML), and distance analyses rooted with Agkistrodon contortrix and Crotalus scutulatus
all supported the same clades. Unweighted MP produced 99 equally most-parsimonious trees. A strict consensus, resampled
1,000 times, supported (94%) the monophyly of the C. viridis species group. The eastern clade (C. v. viridis and C. v. nuntius)
was 100% diagnosable, and in this clade C. v. nuntius was resolved at only 52%. Eastern and western clades differed at 6.1 + 0.9
percent sequence divergence, and thus are on separate evolutionary trajectories. The eastern clade is most appropriately viewed
as a distinct species, with C. v. nuntius placed in synonomy with C. viridis. The western clade is also well-defined (87%) and
contains five Colorado Plateau lineages: (1) C. v. cerberus (72%), (2) C. v. concolor (92%), (3) a C. v. lutosus and C. v. abyssus
clade (92%) that contains abyssus (88%) and a paraphyletic lutosus, (4) a paraphyletic C. v. oreganus, and (5) a C. v. helleri clade
(89%) within which C. v. caliginis is nested. Crotalus v. cerberus is the basal-most taxon in our western clade and distinct from
the other western clades. Relationships among the other western clades are less robust, suggesting a more-recent evolutionary
history. Nonetheless, because these lineages are also well-defined and on separate evolutionary trajectories, we propose the
elevation of C. v. abyssus, C. v. cerberus, C. v. concolor, C. v. helleri, C. v. lutosus, and C. v. oreganus to specific status.
Furthermore, because C. v. caliginis is nested in C. v. helleri, we propose that this taxon should be placed in synonomy with
C. helleri. The two undescribed clades within our western group (lutosus-like, L3; oreganus-like, O1) will require additional
sampling and molecular, morphological, and natural historical analyses to clarify their taxonomy (i.e., potential new species).

INTRODUCTION

The genetic architecture of a species is shaped
by both contemporary and historic components.
The former represents phenomena that are primarily
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ecological and population genetic, and thus by
definition microevolutionary. Historical components,
on the other hand, epitomize biogeographic factors
acting over evolutionary time, and include both vicariant
and dispersal events (Avise et al., 1987). The relationship
between these factors is often best manifested within
broadly distributed species (Walker and Avise, 1998).
Species with broad distribution experience a welter of
habitats and can reflect numerous phenotypes, and thus
many are regarded as polytypic (i.e., they occur in
various forms in different parts of their ranges). For
over a century, biologists have been aware that
phenotypes of broadly distributed taxa are most often
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habitat-specific. Adams (1901: quoted in Walker and
Avise, 1998) stated that over time “...the fauna comes
to fit the habitat as a flexible material does a mold.”
Hence, it would appear that the best opportunity for
scientists to examine contemporary and historical
processes and their effects upon differentiation of popu-
lations is to evaluate taxa with broad distributions.

Biologists have parceled variation found in poly-
typic species in a variety of ways (see Endler,
1977:4). The most contentious, however, has been
the formal recognition of subspecies. Gould and
Johnson (1972:488) established the groundwork for
future arguments by stating, “In non-quantitative
studies that used the comparative method of analyzing
geographic variation, there was virtually no alternative
to the formal establishment of subspecies and the
enumeration of differences among them. This had a
host of unfortunate consequences. It buried some of
the most fascinating cases of dynamic adaptation
under a thicket of names. It allocated the study of a
central phenomenon in evolutionary theory to [those
individuals] more adept at cataloguing than analyzing.
It partitioned continuity into more or less arbitrary
packages of convenience. It imposed an inherently
static nomenclature upon the most dynamic aspect of
evolution.” These arguments have been amplified and
extended during the last decade, primarily by utilization
of molecular data within a phylogenetic framework.
They now encompass the proper method of delineating
this variability (Shaffer et al., 1991; Miththapala et al.,
1996; Miyamoto, 1996; Baker et al., 1998), the model
best reflecting speciation (Cracraft, 1997; Avise and
Wollenberg, 1997), and the very nature of intraspecific
taxa themselves (Frost and Hillis, 1990). As a result of
these changes, investigations of broadly distributed
taxa have shifted from the realm of empiricists to that
of theoreticians, and recent research (Rodriguez-
Robles et al., 1999; Rodrigues-Robles and De Jesus-
Escobar, 2000) may shift this focus back to field-
related evaluations.

The Western Rattlesnake (Crotalus viridis) is a
widely distributed polytypic species in North America
(Klauber, 1972; Stebbins 1985). Originally described
as Crotalinus viridis (Rafinesque, 1818), this taxon
has undergone a convoluted history of nomenclatorial
changes (see McDiarmid et al., 1999; Ashton and de
Queiroz, 1999). Klauber (1956, 1972) viewed C. viridis
as a monospecific taxon with nine subspecies based
largely on size, color and pattern, scutellation, and
geographic distribution.

Klauber (1956) was first to construct a phylogenetic
tree for all taxa of Crotalus and Sistrurus based on a
wide range of characters, which included cranial and
vertebral osteology, body size, head and tail proportions,
form and unit growth of the rattle, hemipenis, lungs,
venom, squamation, color and pattern, ecological pref-
erences, and geographic range. In his tree, Klauber
(1956) relied on the unpublished osteological work of
B. H. Brattstrom. Later, Brattstrom (1964) suggested a
phylogeny of Crotalus and Sistrurus (including
extinct taxa) based exclusively on osteological char-
acters, but did not provide a phylogeny of the intraspe-
cific relationships of C. viridis. Nonetheless, based on
the examination of 67 specimens of the C. viridis
group [C. v. concolor (N = 1), C. v. helleri (N = 31),
C. v. lutosus (N = 4), C. v. oreganus (N = 12), and C.
v. viridis (N = 170], he speculated on the relationships
of five of the nine subspecies by claiming (p. 245) “On
the basis of osteology, intraspecific relationships in
viridis are difficult to determine. Crotalus v. concolor
and C. v. lutosus seem closely related, as do C. v. helleri
and C. v. oreganus. In many characters, however, C. v.
oreganus is more like C. v. viridis than like either C. v.
lutosus or C. v. helleri.”

Klauber (1972) modified his earlier phylogeny of
rattlesnakes as a result of the work of Brattstrom
(1964) and the description of new taxa. A subsequent
study by Foote and MacMahon (1977) incorporated
biochemical information on venom proteins and used
numerical taxonomic tools (e.g., methods based on
overall similarity) to suggest changes in the
Klauber-Brattstrom rattlesnake phylogenies. With
respect to the C. viridis complex, the Foote and
MacMahon “similarity tree” shows a sister relation-
ship between C. v. viridis and C. v. cerberus, and C. v.
lutosus as sister to all other members of C. viridis. In
contrast, Klauber (1972) indicated C. v. viridis as sister
to C. v. concolor + C. v. lutosus, and C. v. oreganus is
sister to C. v. cerberus + C. v. helleri. The phylogenies
of Brattstrom (1964), Klauber (1972), and Foote and
MacMahon (1977), however, all differ with respect to
the relationship of C. viridis to other species of
Crotalus. In addition to their proposed similarity tree,
Foote and MacMahon (1977: Fig. 6) provided a sug-
gested phylogeny of Crotalus and Sistrurus based on
Brattstrom (1964), indicating C. v. cerberus as sister
to C. v. helleri. Brattstrom (1964) did not report on
specimens of C. v. cerberus (see above), and thus the
sister relationship between those taxa attributed to
Brattstrom is incorrect.
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Aird (1984) analyzed certain aspects of population-
level problems (alpha taxonomic issues) of several C.
viridis subspecies using morphological (scutellation),
biochemical (venom, erythrocyte proteins), and envi-
ronmental (climate, habitat) characters. Although his
analyses were hampered by limitations of geographic
scope and lack of a formal phylogenetic hypothesis,
his results, nonetheless, are noteworthy. Importantly,
Aird (1984) showed that differentiation in the popu-
lations of C. viridis he inspected was greater than
formerly stated by Klauber (1972), and he arrived at
the following conclusions, “Based upon morpho-
logical, venom elution profile, and genetic distance
data, concolor, viridis and [utosus appear to be
legitimate species. I suspect that eventually all of
the viridis subspecies, except abyssus and possibly
caliginis, will be recognized as species.”

Quinn (1987) was the first of three studies to incor-
porate mtDNA gene sequence data to reconstruct rela-
tionships in the C. viridis complex. Quinn evaluated
the subspecies of C. viridis by using morphological
(i.e, scutellation, coloration) and molecular (i.e.,
isozymes and mtDNA) markers. Despite certain short-
comings of his analyses (e.g., a strict phenetic
approach, small sample sizes) we consider Quinn’s
contribution as valuable. He was able to discern two
distinct lineages in C. viridis (i.e., eastern and western
clades), and suggested synonomization of the eastern
entity C. v. nuntius to C. v. viridis. Although he was
unable to clarify relationships among members of
the western group, several aspects of his results are
congruent with subsequent analyses, including our
own. Unfortunately, because the studies by Aird
(1984) and Quinn (1987) are unpublished disserta-
tions, they have been largely overlooked.

Pook et al. (2000) evaluated the relationships of 68
individuals of all nine subspecies of C. viridis by using
sequence data derived from the mtDNA genes
cytochrome-b (cyt-b) and ND4L. Their study supported
Quinn’s proposal of eastern and western clades, but
these researchers further subdivided the western clade
into three groups: southwestern United States (C. v.
cerberus), Great Basin (C. v. abyssus and C. v. lutosus),
and Pacific (C. v. caliginis, C. v. concolor, C. v. helleri,
and C. v. oreganus). Although there was some ambigu-
ity in their results, Pook et al. suggested that the basal-
most member of the western clade was C. v. cerberus.
These workers did not propose taxonomic changes.

Ashton and de Queiroz (2001) evaluated 25 individ-
uals of the C. viridis complex (plus several outgroups)

using ND2 and D-loop regions of mtDNA. As in the
above studies, these researchers recognized the divi-
sion of C. viridis into eastern and western groups, and
made the following taxonomic recommendations: an
eastern group (C. viridis, composed of the subspecies
C. v. nuntius and C. v. viridis), and a western group (C.
oreganus, composed of the subspecies C. o. abyssus,
C. o. caliginis, C. o. cerberus, C. o. concolor, C. o.
helleri, C. o. lutosus, and C. o. oreganus).

In our analyses, evaluated the results of earlier stud-
ies and strived to better-define and interpret rela-
tionships in the largely unresolved western clade
by using two rapidly evolving mtDNA genes
(ATPase 8 and 6) as molecular markers. Although we
sampled populations throughout the range of the
species (see Appendix I), we emphasized the region of
the Colorado Plateau because it is an area we consider
pivotal to understanding the evolution of this group. In
this region, six subspecies of C. viridis potentially
contact one another at or near the Grand Canyon, and
three potentially enter it (Figs. 1-2; Plate 12c): the
Great Basin Rattlesnake (C. v. lutosus) from the north,
the Hopi Rattlesnake (C. v. nuntius) from the east, and
the Arizona Black Rattlesnake (C. v. cerberus) from
the south; the Grand Canyon Rattlesnake (C. v.
abyssus) is essentially found within and near (e.g.,
north and south rims) the Grand Canyon; the Midget
Faded Rattlesnake (C. v. concolor) is associated with
major canyons and rivers of the Colrado Plateau; and
the Prairie Rattlesnake (C. v. viridis) enters the
Colorado Plateau from the east. The remaining three
subspecies are distributed west of the Colorado
Plateau: the Southern Pacific (C. v. helleri) and
Northern Pacific (C. v. oreganus) rattlesnakes are
found along the Pacific Coast and inland; and the
Coronado Island Rattlesnake (C. v. caliginis) is
restricted to Isla Sur of the Islas de los Coronados, off
the coast of Baja California Norte, Mexico.

MATERIALS AND METHODS
Sampling and Laboratory Protocols

Data on sampling localities are provided in
Appendix [ and their cartographic locations are
detailed in Figures 1-2. Sampling was accomplished
from 1979 to the present, often with the assistance of
agency personnel. Samples were primarily aliquots of
blood taken by syringe from the caudal vein of each
specimen. All blood samples were preserved in 100%
EtOH or Queen’s lysis buffer. Occasionally, liver and
muscle were obtained from recent road kills, from
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Fig. 1. Map of western North America depicting localities for individual rattlesnakes used in this study (see Appendix I). The Colorado

Plateau is outlined.

voucher specimens, or from earlier sampling efforts,
and these were either frozen or preserved in 100%
EtOH. In total, the study involved 153 specimens (149
ingroup and four outgroup specimens). Outgroup taxa
were Crotalus scutulatus and Agkistrodon contortrix,
respectively.

Total genomic DNA was isolated using the
PureGene DNA Isolation Kit (D-70KB; Gentra
Systems, Inc., Minneapolis, Minnesota) and stored in
DNA hydrating solution (same kit). The ATPase 8 and
ATPase 6 genes were amplified using primers specified
in Bermingham and Martin (1998).

Single-stranded sequencing reactions were conduct-
ed with fluorescent-labeled dideoxy terminators

according to manufacturer’s recommendations
[Applied Biosystems Inc. (ABI), Forest City,
California]. Labeled extension products were gel-sepa-
rated and analyzed with an automated DNA sequencer
(ABI model 377) located in the sequencing facility at
Arizona State University. All samples were sequenced
in the forward direction, and problematic sequences
were re-sequenced in a forward direction until resolved.

Analytical Protocols

To judge levels of saturation we plotted uncor-
rected individual pairwise sequence divergences (p-
distances) for transitions and transversions at each
codon position against Tamura-Nei (TN) estimates
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Fig. 2. Map of the Grand Canyon National Park (rectangle within inset) showing locations of Crotalus abyssus (closed circles) and

C. lutosus (open circles) used in this study.

of relative divergence, as per Zamudio et al. (1997),
Parkinson (1999) and Parkinson et al. (2000). This
was done for each site using the program MEGA2
(S. Kumar, K. Tamura, I. Jakobsen, and M. Nei:
http://www.megasoftware.net/). The p-distance is the
proportion (p) of nucleotide sites at which the two
sequences compared are different, and it is obtained
by dividing the number of nucleotide differences by
the total number of nucleotides compared. The TN
model, on the other hand, is more parameter-rich and
corrects for multiple hits (see below) by taking into
account substitutional rate differences among
nucleotides and inequality of nucleotide frequencies.
Also, it can distinguish between transitional changes
of purines (adenine and guanine) vs pyrimidines
(thymine and cytosine) and assumes equality of substi-
tution rates among sites. Saturation effects appear as an
increase in the more parameter-rich TN distances at
the expense of the simpler p-distances, when both are
plotted against one another. This yields a nonisometric
plot (i.e., one that is deflected towards the TN axis).
Where this occurs, then classes of substitutions for
saturated codons must be weighted appropriately
(Zamudio et al., 1997).

We compiled haplotypes from raw sequence data
using MacClade 4.03 (Maddison and Maddison,
2001). These served as unweighted input to the maxi-
mum parsimony (MP) algorithm of PAUP* (version
4.0b8: Swofford, 2002). Shortest trees were sought by
using heuristic searches that employed accelerated
character transformation (ACCTRAN) optimization,
tree bisection-reconnection (TBR) branch swapping,
retention of minimal trees (MULPARS), and collapse
of zero-length branches to yield polytomies. Sequence
deletions were considered as an alternative character
state under the assumption that these (and insertions)
represented evolutionary changes rather than merely
missing data. Support for individual nodes was evalu-
ated by nonparametric bootstrapping using 1,000
pseudoreplicates per analysis with 100 random addition
sequences per pseudoreplicate. A node with a bootstrap
value > 70% was considered strongly supported (Hillis
and Bull, 1993; Wiens and Hollingsworth, 2000).

We also performed a similar series of analyses as
above, but using a dataset of haplotypes with transi-
tions downweighted 4x and 8x that of transversions.
To accomplish this, 4. contortrix was removed as an
outgroup and C. scutulatus was retained. This proce-
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Fig. 3. Plot of uncorrected individual pair-wise sequence divergences (p-distances) for transitions and transversions at each codon position
for ATPase 8 against Tamura-Nei (TN) estimates of relative divergence. Isometry is indicated by straight line.

dure was perfomed because inclusion of 4. contortrix
forced an insertion and a deletion into the dataset, which
made determination of transitions and transversions
problematic according to their codon location.

Similarly, a weighted MP analysis was done by first
using MEGAZ2 to classify nucleotide sites as 4-fold or
0-fold degenerate. A site is 4-fold degenerate if all
possible changes are synonymous (i.e., they cause no
alteration in the specified amino acid). A site is 0-fold
degenerate if all possible changes are nonsynonymous
(i.e., they alter the amino acid produced) (Graur and Li,
2000). We downweighted the 4-fold degenerate sites
by a factor of eight.

Finally, we used maximum likelihood (ML) to
compare the relative likelihoods of trees derived from
the MP analyses. In this approach (Swofford et al.,
1996:445), one of the equally parsimonious MP trees
was randomly selected as a starting tree. Probabilities
of the six possible nucleotide transformations, the
proportion of invariable sites, and the shape parameter
of the gamma distribution of rate heterogeneity across
nucleotide positions were fixed according to empirical
values calculated from the starting tree. The most
parameter-rich of the general time-reversible models
of nucleotide substitution (GTR+I+I": reviewed in
Yang, 1996) was used to search for an ML tree with a

higher log-likelihood value. When such a tree was
found, parameters were re-optimized and fixed for a
subsequent ML search. This procedure was repeated
until the same tree was found in successive iterations
(Rodriguez-Robles et al., 1999; Rodriguez-Robles and
De Jesus-Escobar, 2000).

We determined the model of sequence evolution
that best fit our data by using the program MODEL-
TEST (Posada and Crandall, 1998), which evaluates
56 different models using two separate statistics [the
likelihood ratio test (— 2 log A), and the Akaike infor-
mation criterion (— 2InL + 2n, where L = maximum
value of the likelihood function for a specific model,
and n = number of independently adjusted parameters
within the model)]. The former is a widely accepted
statistic for assessing goodness-of-fit across a variety
of models, and the latter rewards models for good-fit
but penalizes them for unnecessary parameterization.
Interestingly, the log-likelihood test and the AIC crite-
rion can each favor different models of sequence evo-
lution. When this occurs, the user has the opportunity
to interpret these results in light of the data.

We also developed a distance matrix prior to tree
construction for several reasons. First, it focuses atten-
tion on the model of sequence evolution to be used (as
above). Second, it is often more efficient to estimate
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Fig. 4. Plot of uncorrected individual pair-wise sequence divergences (p-distances) for transitions and transversions at each codon position
for ATPase 6 against Tamura-Nei (TN) estimates of relative divergence. Isometry is indicated by straight line.

topologies from a distance matrix rather than by
searching for minimum evolution trees among a uni-
verse of possible topologies. Last, it is often easier to
calculate standard errors for each divergence than to
evaluate the support for nodes using a bootstrap
approach, which is the case for those sequences
approaching saturation. To derive distances among
haplotypes, we employed the Tamura-Nei model
(Tamura and Nei, 1993) with the shape parameter of
the gamma distribution (i.e., TrN+I") serving as addi-
tional input (as indicated by MODELTEST).
Neighbor-joining trees were constructed from 1,000
bootstrapped sequences using MEGA?2, and trees were
rooted at outgroups (as above).

Sequence divergence (p) values were generated for
each subspecies from 1,000 bootstrapped sequences
using MEGA2. Values were corrected for within-
group variation then converted to provisional esti-
mates of genealogical separation times (Avise et al.,
1998) using three different mtDNA clocks: a standard
clock [i.e., 2% sequence divergence per million years
(Ma); Brown et al., 1979; Klicka and Zink, 1997], a
fish clock (i.e., 1.3% sequence divergence/Ma cali-
brated for the study markers using fishes separated by
the rise of the Isthmus of Panama; Bermingham et al.,
1997), and a 4-fold-slower clock recommended for
ectothermic vertebrates (i.e., 0.5% sequence diver-

gence/Ma; Avise et al.,, 1992; Mindell and Thacker,
1996). Sequence divergence (p) values were also pro-
duced as above to delineate within-group divergence.

GenBank accession numbers for the Crotalus
viridis clades listed in Figures 5-8 are: Al-A2
(Crotalus v. abyssus) AF462362, AF462363; C1 (C. v.
cerberus) AF462374; H1 (C. v. helleri) AF462375;
K1-K2 (C. v. concolor) AF462360, AF462361; L1-1.2
(C. v. lutosus) AF462364, AF462365; L3 (undescribed,
C. v. lutosus-like) AF462366; N1 (C. v. nuntius)
AF462371; 02 (C. v. oreganus) AF462373; O1 (unde-
scribed, C. v. oreganus-like) AF462372; V1-V4 (C. v.
viridis) AF462367, AF462368, AF462369, AF462370.

RESULTS
Summary Statistics

Polymerase chain reaction (PCR) amplifications and
subsequent automated sequencing of all 153 specimens
resulted in 169 base pairs (bp) of unambiguously read-
able sequences for ATPase 8, and 509 bp for ATPase 6.
Each gene was aligned using Clustal X, a modification
of Clustal W (Thompson et. al., 1994), and examined
by eye. The outgroup 4. contortrix demonstrated one
insertion and one deletion within the ATPase 8 gene
relative to C. scutulatus and ingroup taxa. All
sequences were evaluated by MED and re-evaluated
independently by MRD. Within the mitochondrial
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Fig. 5. (A) Bootstrap results (1,000 pseudoreplicates per analysis with 100 random addition sequences per pseudoreplicate) of an
unweighted maximum parsimony analysis. Clades are: A1, A2 (Crotalus viridis abyssus); C1 (C. v. cerberus); H1 (C. v. helleri); K1, K2
(C. v. concolor); L1, L2, L3 (C. v. lutosus); N1 (C. v. nuntius); O1, O2 (C. v. oreganus); V1, V2, V3, V4 (C. v. viridis); S1 (C. scutulatus);
X1 (Agkistrodon contortrix); (B) Strict consensus of 99 most-parsimonious trees resulting from a maximum parsimony analysis. Clades

same as in (A).

genome, genes ATPase 8 and ATPase 6 overlap each
other by 9 bp. Prior to analyses, both genes were sep-
arated and the overlapping sequence was retained at
the 3' end of the lead ATPase 8 and added to the 5' end
of the trailing ATPase 6. Both genes were then recom-
bined in a non-overlapping format, and all subsequent
analyses were performed on this composite.

Comparisons among the 149 ingroup individuals
revealed 541 monomorphic sites and 124 polymorphic
ones. Parsimony-informative polymorphic sites totaled
99. There were 60 unique haplotypes. Haplotype (gene)
diversity = 0.950 (SD = 0.009) and nucleotide diver-
sity = 0.04281 (SD = 0.0009). Base frequencies were
tabulated as: A=0.34; G=0.31; C=0.10; and T=0.25.
The transition/transversion (Ti/Tv) ratio = 8.05:1.
Plots of transitions vs transversions were done for
each codon position (Figs. 3-4).

The MP analyses, using equally weighted characters,
provided 99 most-parsimonious trees each 362 steps in
length (L) with a consistency index (CI) of 0.696 and a

retention index (RI) of 0.907. As per Archie
(1996:184—185), we computed SC (the average num-
ber of steps per character on the tree), where SC =
1/CI = 1.436, and HC (the average homoplasy per
character), where HC = SC — 1 = 0.436.

The weighted MP analyses, with transitions down
weighted 4x and 8x that of transversions, each pro-
duced 702 most-parsimonious trees. For the 4x analysis,
CI = 0.622 and RI = 0917 (SC = 1.607 and HC =
0.607), and for the 8x analysis CI = 0.629 and RI =
0.919 (SC=1.589 and HC = 0.589). The weighted MP
analysis of the 0-fold/4-fold sites produced 48 most-
parsimonious trees each 571 steps with CI = 0.68 and
RI=0.929 (SC = 1.471 HC = 0.471).

The bootstrap tree for the unweighted MP analysis
is shown in Figure 5a, and Figure S5b shows the strict
consensus of the 99 MP trees. Similarly, the bootstrap
tree of the 8x weighted MP analysis is in Figure 6a,
and Figure 6b denotes the strict consensus of the 702
8x weighted MP trees. (Comparable figures for the 4x
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Fig. 6. (A) Bootstrap results (1,000 pseudoreplicates per analysis with 100 random addition sequences per pseudoreplicate) of a maximum
parsimony analysis with transitions weighted 8x that of transversions. Clades are: A1, A2 (Crotalus viridis abyssus); C1 (C. v. cerberus);
H1 (C. v. helleri); K1, K2 (C. v. concolor); L1, L2, L3 (C. v. lutosus); N1 (C. v. nuntius); O1, O2 (C. v. oreganus); V1, V2, V3, V4 (C. v.
viridis); S1 (C. scutulatus). (B) Strict consensus of the 702 equally most-parsimonious trees resulting from a maximum parsimony analy-
sis with transitions weighted 8x that of transversions. Clades same as in (A).

weighting scheme are identical but not presented.)
The strict consensus of the 48 most-parsimonious
trees from the 8x analysis of the 0-fold/4-fold sites is
presented in Figure 7a, and the bootstrap for this
analysis is shown in Figure 7b.

The log-likelihood score for the best ML tree
(Fig. 8a) is LnL = 2293.3029. The neighbor-joining
tree of Tamura-Nei distances with gamma correction
is shown in Figure 8b. All three methods (distance,
unweighted, and weighted MP, ML) recovered the
same major nodes that are supported in each analysis
by high bootstrap values. All further discussion of
relationships within the C. viridis complex will focus
primarily on the unweighted MP tree (Fig. 5a).

Unweighted Maximum Parsimony Tree

The most basal split within the C. viridis complex
is supported at 94% and produces eastern and western
clades (Fig. 5a). The eastern clade is diagnosable at
100% and contains C. v. viridis and C. v. nuntius. It

has five main divisions. The V1 branch represents four
haplotypes from southeastern Utah, northwestern New
Mexico, and southwestern Colorado. The V2 branch is
composed of three haplotypes from northwestern
Colorado, southcentral Wyoming, southwestern and
west-central New Mexico, and southeastern Arizona.
The V3 branch is composed of three haplotypes from
central and southwestern New Mexico. The V4 branch
is comprised of three unresolved haplotypes. Finally,
the N1 branch contains three haplotypes of C. v. nuntius.

In the western clade, the split between C. v. cerberus
and the remainders of the clade is supported at 87%,
with cerberus composed of six haplotypes and defined
at 72%. The remaining members of the western clade
form a polytomy at 66%. In the latter, C. v. oreganus
is paraphyletic with a single haplotype (O2) from
Grant County, Washington, separated from the O1
haplotypes. The remaining four oreganus haplotypes
(O1) are supported at 92% and contain individuals
from central and western California. A third branch of
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Fig. 7. (A) The strict consensus of the 48 most-parsimonious trees resulting from an analysis of 0-fold/4-fold degenerative sites where the
0-fold sites were weighted 8x that of the 4-fold sites. Clades are: A1, A2 (Crotalus viridis abyssus); C1 (C. v. cerberus); H1 (C. v. helleri);
K1, K2 (C. v. concolor); L1, L2, L3 (C. v. lutosus); N1 (C. v. nuntius); O1, O2 (C. v. oreganus); V1, V2, V3, V4 (C. v. viridis); S1 (C.
scutulatus). (B) Bootstrap results (1,000 pseudoreplicates per analysis with 100 random addition sequences per pseudoreplicate) of
0-fold/4-fold degenerative sites where the 0-fold sites were weighted 8x that of the 4-fold sites. Clades same as in (A).

the polytomy (H1, at 89%) is composed of four hap-
lotypes of C. v. helleri and a single haplotype of C. v.
caliginis. A fourth branch (K1 and K2, at 92%) is
composed of nine C. v. concolor haplotypes. A fifth
branch is supported at 92% consists of C. v. abyssus
and a paraphyletic C. v. [utosus. The L3 branch (at
54%) consists of three [utosus haplotypes from south-
ern Nevada, southwestern Utah and western Grand
Canyon. The interior clade of C. v. lutosus (L1 and L2,
at 82%) is comprised of nine haplotypes from north-
ern Arizona, southern Utah, and northern and central
Grand Canyon. The other interior group (i.e., Al and
A2, at 88%) is composed of seven C. v. abyssus
haplotypes from extreme southcentral Utah through
the northern and central areas of the Grand Canyon.
The among-group p-distances (with standard
errors) for the C. viridis complex are presented in Table
1. Among clades the p-distances (net between clade

averages) range from 1.0 = 0.3 for C. v. abyssus-C. v.
lutosus, to 7.3 £ 0.9 for C. v. nuntius-C. v. lutosus.
Using the standard clock, divergence times for C. v.
abyssus-C. v. lutosus range from 0.65-0.35 (average
0.5) mya. When a fish clock is utilized, divergence is
at 1.0-0.54 (average 0.77) mya. Finally, when a slow
mtDNA clock is employed, divergence is at 2.6—1.4
(average 2.0) mya. The same approach was used to
bracket the divergence of eastern from western clades
of C. viridis. Under the standard clock, this divergence
is at 6.6-3.9 (average 5.25) mya. When a fish clock
was used, divergence times increased to 10.2—6.0
(average 8.1) mya, while the slow clock showed diver-
gence times of 26.4—15.6 (average 21) mya.

In Table 2 we present within-group p-distances for
eight of nine subspecies, with standard errors and sam-
ple sizes. These range from 0 + 0 (C. v. nuntius) to 1.5
+ 0.2 (C. v. cerberus) and 1.3 £0.2 (C. v. lutosus).
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DISCUSSION

The phenotypic variability displayed by polytypic
species has long intrigued naturalists. Darwin
(1859:47) noted, “Those forms which possess in some
considerable degree the character of species, but
which are so closely similar to some other forms, or
are so closely linked to them by intermediate grada-
tions, that naturalists do not like to rank them as dis-
tinct species, are in several respects the most important
to us.” This interest has increased in the last decade
with the advent of molecular methods that can parsi-
moniously describe population genetic structure
within polytypic species, and recover the historical
components of their matrilinear hierarchy.

We will discuss our results at a variety of levels:
(1) gene trees vs species trees; (2) the choice of a
molecular marker; (3) the evolutionary rate of par-
ticular genes; (4) the problem of sequence saturation;

(5) statistical and analytical protocols; (6) our current
understanding of rattlesnake phylogeny; (7) species
and infraspecific variability; and (8) the application
of our results to conservation and management.
Before these aspects are discussed, however, we will
first describe the ecological setting within which the
majority of our study was conducted.

The Colorado Plateau

The Colorado Plateau is a unique physiographic
province located in western North America between
the Rocky Mountains (east and north) and the Basin
and Range province (west and south) (Hunt, 1967;
Fig. 1). It spans four states (Arizona, Colorado, New
Mexico, Utah), has an area of ca. 337,000 km?, and an
average elevation of 1,525 m (minimum = 360 m;
maximum = 3,850 m). The Colorado Plateau was
formed by extensive geological formations of nearly
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Table 1. Lower triangle (shaded area) represents nucleotide
p-distances (net between-group average) between the subspecies,
and upper triangle represents standard errors (estimated by
bootstrap method with random number seed and 1,000
replications). Subspecies abbreviations are: CVH = helleri;
CVO = oreganus; CVK = concolor; CVL = lutosus; CVA =
abyssus; CVN = nuntius; CVV = viridis; CVC = cerberus.

CVH CVO CVK CVL CVA CVN CVV CVC

CVH - 05 05 06 06 09 09 06
CVO 1.7 = 04 05 05 08 08 05
CVK 21 1.8 - 05 06 09 09 05
CVL 2.8 21 25 - 03 09 09 06
CVA 3.1 21 27 1.0 - 09 09 06
CVN 6.6 54 63 73 69 - 02 09
CVV 6.5 53 6.1 7.1 6.8 04 - 0.8

CcvC 2.7 23 27 32 35 60 57 -

horizontal sedimentary rock. These areas are locally
interrupted by volcanic uplifts and extensive areas of
bare rock that are drained by deeply incised canyons.

Elevation influences the distribution of vegetation
across the Colorado Plateau and its effects are reason-
ably well understood (Betancourt, 1990). Several
“Life Zones™ (as per Merriam, 1890) are recognized:
alpine (> 3,480 m); sub-alpine (i.e., spruce-fir,
2,900-3,480 m); mixed conifer (2,600-2,900 m);
Ponderosa Pine (2,100-2,600 m); pinyon-juniper
(1,600-2,100 m); desert-scrub (1,500-1,600 m);
mixed shrub (1,400-1,500 m); Mojave Desert
(1,100-1,400 m); and Sonoran Desert (< 1100 m). The
spatial overlay of vegetation is variable in its density
and composition, and this diversity offers numerous
opportunities for local adaptation of rattlesnakes and
their prey (see Plate 16e).

The seasonal climate of the Colorado Plateau is
heterogeneous (Mock, 1996). Its geographic position
and elevation influence the North American monsoons
in much the same manner as the Tibetan Plateau influ-
ences the monsoon of Southeast Asia (Adams and
Comrie, 1997). In both situations, a high elevation
land mass provides an efficient summer heat source
for the normally cooler but higher altitude air mass,
which induces an atmospheric trough that drives
monsoonal flow. Its onset and duration varies among
years. A large springtime snow pack in the southern
Rocky Mountains, for example, requires colder conti-
nental temperatures that, much like the Tibetan
Plateau system, inhibit monsoon development. A sim-
ilar effect must have occurred during glacial periods
when large snow packs were produced on the

Colorado Plateau (Anderson et al., 2000). In general,
precipitation in the Colorado Plateau decreases from
higher to lower elevations, and in summer from the
southern areas northward (Higgins et al., 1997). The
amount of summer precipitation falling in the north is
related to the strength of the summer monsoon. These
complex climatological relationships impact modern
biotic distributions on the Colorado Plateau, and like-
wise must have strongly influenced the past distribu-
tion of biota.

The Colorado River originates in the Rocky
Mountains and dissects the Colorado Plateau from
northeast to southwest, essentially forming the major
axis. Its larger tributaries (i.e., Green, San Juan, and
Little Colorado rivers) drain it from the north, east,
and southeast, respectively, while the smaller Virgin
River drains it from the southwest. Riparian corridors
along these tributaries likely have provided dispersal
routes for biotic components (Benson and Darrow,
1981). In addition, the Green River is believed to have
been a significant dispersal route southward into the
Colorado Plateau, and likewise from the Colorado
Plateau northward into the vast interior of North
America (Anderson et al., 2000).

Large portions of the Colorado Plateau are now
protected (or semi-protected) federal lands and
include national parks such as Arches, Bryce,
Canyonlands, Capitol Reef, Grand Canyon, and Zion.
There are also the newly established Grand Staircase-
Escalante (0.7 million ha) and Grand Canyon-
Parashant (0.8 million ha) national monuments, as
well as the proposed Vermillion Cliffs National
Monument (1.2 million ha) on the Paria Plateau.

The Colorado Plateau forms a complex ecological
landscape within which C. viridis has diversified. Six
clades are recognized to occur within its boundaries,
but their distributions are inconsistent among various
authors (e.g., Wright and Wright 1957; Klauber, 1972;
Glenn and Straight, 1982; Stebbins, 1985; Cox and
Tanner, 1995; Bartlett and Tennant, 2000). Thus, one
goal of our study is to delineate the geographic
boundaries for these clades, as well as define the
genetic diversity inherent in each. Given the apparent
broad distributions of some clades (as per Klauber,
1972), we argue that it would not be unusual to find
paraphyletic sister groupings within each nominal
clade. Due to the preliminary nature of this study, our
sample sizes for several clades are reduced. Although
our data will suffice to detect large-scale patterns
among the most frequent haplotypes, a more finely
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structured history and the underlying processes that
yield such a pattern will require substantially
increased sample sizes and re-evaluation. In this
report we focus on the genetic validity of those clades
identified by Klauber (1972).

Gene Trees vs Species Trees

A phylogeny of a species is a multitude of nested
component trees, each reflecting the history of popu-
lations as determined by single characters. When a
component tree is derived from DNA information
(e.g., haplotype sequences) it is referred to as a “gene-
tree” (Avise, 1994, 2000; Templeton, 2001). On the
other hand, a “species tree” can be viewed as (Avise,
1994:126) “...a single pedigree that extends [histori-
cally] as an unbroken chain of parent-offspring genetic
transmission....” Hence, gene trees are histories of
traits, and species trees are histories of organisms or
pedigrees (Avise, 1994, 2000).

In phylogenetic reconstruction it is important to
understand that a gene tree does not necessarily reflect
a species tree. Not only can gene trees differ in their
topology from each other, but also from species trees
as a result of a variety of biological factors (e.g., sto-
chastic lineage sorting, introgressive hybridization,
horizontal transfer; Avise, 1994, 2000). The process of
stochastic lineage sorting (SLS), for example,
involves random extinction of haplotypes through
time. Originally, SLS was believed to be problematic
for only those lineages that had diverged relatively
recently, but lineage splitting in deep history can also
reflect ambiguities (e.g., genealogical discordance)
(Wu, 1991). Despite difficulties associated with inter-
preting gene trees, a common practice in reconstruct-
ing phylogenies is to use them to estimate species tree.
Some consider this association to be tenuous in that
there are ample reasons for gene trees and species
trees to be discordant. Nonetheless, topologies derived
from gene trees are frequently congruent with species
trees (Avise, 2000:326). How is this possible? How
can gene trees show congruence among themselves
and with species tree? A possible (and reasonable)
answer would involve past fluctuations in effective
population sizes (i.e., Ng) for component populations
of a species (Frankham, 1995). Most likely, this is due
to occurrence of past environmental oscillations that
impacted census sizes, ranges, recruitment, and so on.
Given these vagaries, within- and among-population
genetic variance may be substantially reduced, partic-
ularly when compared with distances in the tree (i.e.,

Table 2. Mitochondrial DNA (ATPase 8 and 6) analyses for the
Crotalus viridis complex. Nucleotide p-distance values = d (within-
group average for a given subspecies); SE = standard error estimated
by bootstrap method with random number seed and 1,000 replica-
tions; N =sample size. Subspecies abbreviations are: CVH = helleri;
CVO = oreganus; CVK = concolor; CVL = lutosus; CVA = abyssus;
CVN = nuntius; CVV = viridis; CVC = cerberus.

Taxon d SE

CVH 0.7 0.3 4
CVO 0.9 0.2 6
CVK 0.7 0.1 23
CVL 1.3 0.2 22
CVA 0.4 0.1 29
CVN 0.0 0.0 23
Cvv 1.0 0.3 32
CcvC 1.5 0.3 10

internodal distances) that separate speciation events.
In other words, genetic diversity is low whereas topo-
graphic distances separating species are high; hence,
congruence among gene trees (in particular those
derived from loci that exhibit the appropriate evolu-
tionary rate), as well as these gene trees and species
trees, is expected (Avise, 2000).

We should not, however, base taxonomic decisions
a priori on the above arguments simply because they
offer a convenient rationale that allows a gene tree to
be equated with a species tree. Instead, it is more
important to clarify that a gene tree shows agreement
with a previous taxonomy derived from independent
data, where possible, regardless of the methodological
processes that generated them. In this regard, the
species listed in our proposed taxonomy for C. viridis
(Table 3) were not described by us as new, since they
were described previously as species or subspecies
based on morphological and biogeographical data
(summarized in Klauber, 1972). But based on our
current molecular analyses (e.g., high degree of
sequence divergence) and contemporary shifts in
perspectives relating to the very nature of species
themselves (Avise, 1994, 2000), we contend that the
taxa we list in Table 3 are indeed distinct and best
viewed as evolutionary or phylogenetic species.
Along similar lines we suggest that the paraphyletic
taxa recovered in our analyses should be left for future
studies to clarify.

Choice of Molecular Markers
Mitochondrial (mt) DNA has properties that are
eminently desirable for an evolutionary marker, and
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these qualities often lead to efficient and reliable
recovery of gene trees, especially when compared to
nuclear markers (Avise, 2000; DeFilippis and Moore,
2000). The high substitution rate of mtDNA, for
example, is useful in studies of recently evolved
clades (as in this study), and also has a relatively
conserved gene order (but see below). This promotes
the use of “universal” PCR primers that often cross-
amplify across divergent groups. Further, mtDNA is
believed to be non-recombinant, which allows lineages
to be traced historically and reduces the sample size
needed to quantify within- and among-lineage vari-
ability. The mtDNA genome consists of 13 protein-
coding genes, 22 transfer RNA (tRNAs) genes, a
single control region, and several intergenic spacers.
Synonymous substitutions in the protein coding genes
are 10x that for nuclear genes. Non-synonymous sub-
stitutions vary greatly in mtDNA protein coding genes,
but their rate is always higher than the average rate for
nuclear DNA (Graur and Li, 2000:157). Thus, a mito-
chondrial haplotype tree also has a higher probability
of congruence with a species tree than does a nuclear
gene tree (Moore, 1995). Because mtDNA is mater-
nally inherited, an important caveat is that the
breeding biology and/or population structure of a
species does not curtail male effective population size.
Last, the mitochondrial genome is inherited as a single
linkage group that allows evaluation of additional
mtDNA genes without the difficulties that separate
evolutionary histories, and may stem from recombi-
nation or lineage sorting.

Despite the above, mtDNA has concomitant short-
comings that can limit its potential in recovering
phylogenetic signal. One is saturation by multiple
substitutions at low levels of divergence (discussed
below), and mtDNA also has a strong base composi-
tional bias. Both factors can diminish phylogenetic
signal, particularly at levels of deep history. Last,
because mtDNA is inherited as a single linkage
group, there is only a single independent estimate of
the species tree regardless of the number of mtDNA
genes sequenced.

Choice of Specific mtDNA Genes

The selection of a particular mtDNA gene (or
genes) as a marker should be based on the time scale
of the divergences being studied. Fu (2000), for
example, was unable to unravel the evolutionary
history of the lizard lineage Lacertidae in spite of
using four slow-evolving mtDNA genes and 4,708 bp

of sequence. Apparently, recent and explosive specia-
tion in this group has obscured relationships within
subfamilies. Similarly, Kraus et al. (1996:768)
hypothesized that mtDNA evolution is much faster in
crotalines than in other snakes. These researchers
employed a gene (ND4L) that had resolved relation-
ships among snakes much older than the diversifica-
tion of crotalines (Forstner et al., 1995). Yet, Kraus et
al. (1996) found that this locus resulted in levels of
saturation and homoplasy that were greater than
expected, which led them to caution researchers that
mtDNA genes with high rates of evolution must be
employed to evaluate relationships among populations
and subspecies of pitvipers.

The displacement loop (i.e., D-loop) of the mtDNA
genome is a non-coding region that is the origin of
replication for the molecule. In most animals, D-loop
is much more variable than protein coding regions of
the mtDNA genome, and is, therefore, a useful marker
for studies of recently diverged populations or species
(Parker et al., 1998). Kumazawa et al. (1998), however,
discovered a functional duplication of the control
region in the Japanese colubrid snake, Dinodon
semicarinatus. Each is 1,018 bp in length with termi-
nation-associated sequences (TASs) located in a
region where hairpin-like secondary structure and
repetitive sequences occur. This is a typical situation
for vertebrate D-loop. But upstream of these at the
5'-end is a cytocine-rich sequence common to all
snakes examined (Kumazawa et al., 1998).
Sequencing reactions for both strands stall in this
region, suggesting a structural barrier for mtDNA
polymerization. In addition, snake mtDNAs also
possess just 5'-upstream of the control region, rather
stable hairpin-like structures derived from the tRNA-
pro gene (or pseudogene), or an intergenic spacer.
This hairpin seemingly serves as a structural barrier to
DNA polymerization, and if the amplification were
successful, duplicate sequences may be produced that
would not necessarily juxtapose, thus providing signals
that conflict. It would appear that the mtDNA control
region in snakes is a poor choice for amplification in
that numerous structural barriers are present that
impede polymerization (see Burbrink et al., 2000;
Ashton and de Queiroz, 2001).

Which of the 13 mtDNA protein-coding genes
exhibit rapid evolution? Kumar (1996:Fig. 5b) used
first and second codons of different mtDNA genes to
evaluate the relationship between & (the shape para-
meter of the gamma distribution) and S (total number
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of substitutions that have occurred per site in the
evolutionary history of the gene). He found that
highly conserved mtDNA genes show greater among-
site variation than do faster evolving genes. Only a
small proportion of sites in the highly conserved genes
were free to change, whereas a greater proportion
were free to change in more rapidly evolving genes.
Of the 13 protein-coding mtDNA genes examined,
ATPase 8 demonstrated the most rapid rate of evolu-
tion, while the commonly used cyt-b gene was one of
the slowest. ATPase 6 was intermediate. Other diffi-
culties exist with cyt-b as well. Meyer (1994) noted
that it exhibits unequal rates of evolution among dis-
tantly related lineages, and that this tendency was
problematic at higher taxonomic levels. Wiens and
Hollingsworth (2000) recorded similar difficulties,
and suggested the problem may even apply to analyses
of genera within a single lineage. The above under-
scores the utility of ATPase 8 and 6 as molecular
markers exhibiting evolutionary rates comparable to
those needed for interpreting intraspecific divergence.

The Problem of Sequence Saturation

As genetic mutations occur over time, a pair of
homologous sequences will gradually differentiate. At
first this occurs almost linearly and observed diver-
gence between the two correctly reflects actual diver-
gence, but, over time, some sites will begin to absorb
multiple substitutions (i.e., multiple “hits”). The rates
by which identical nucleotides are produced by new
changes or by multiple substitutions will gradually
equilibrate over time. At this point, the sequences
have become “saturated” in that they cannot achieve
greater sequence divergence in spite of the fact that
additional substitutions continue to occur. This satura-
tion phenomenon is problematic because it masks true
divergence among sequences, as well as their true
evolutionary rate. Superimposed substitutions also
increase levels of homoplasy, thereby deteriorating the
historic signal. Kocher and Carleton (1997) showed
the effects of saturation in the ND2 region of mtDNA
among cichlid fishes after two million years of diver-
gence. This underscores not only the pervasiveness of
saturation effects, but also the importance of cor-
recting for multiple substitutions, particularly when
constructing phylogenies of distantly related taxa.

Parsimony analysis does not include an explicit
evolutionary model (Steel and Penny, 2000).
Information on dynamics of sequence evolution,
nonetheless, can be incorporated within a parsimony

approach by employing character and character-state
transition weighting, thus potentially improving phy-
logenetic estimation. Yet, there is little theoretical (or
empirical) indication as to which of several approach-
es to weighting might be most appropriate. When data
are weakly structured (i.., “noisy”), then different
weighting schemes will yield different hypotheses of
relationship, none of which will be strongly supported.
Similarly, when data are strongly structured and each
weighting scheme produces similar strongly supported
hypotheses, then weighting has little effect on overall
inference. The problem arises when alternate weight-
ing schemes produce strongly supported yet different
hypotheses of relationship. In these cases, character
weighting becomes a significant factor and the choice
of correct weights is imperative. Thus, the question of
which weighting scheme is most appropriate for
analysis of a particular data set bcomes important only
if alternative weighting schemes significantly affect
the results obtained (Barker and Lanyon, 2000).
Ambiguity in defining optimal parsimony weighting
schemes is in sharp contrast to choosing optimal
models within the maximum likelihood framework.
Many phylogenetic studies employing mtDNA
have suggested downweighting transition substitu-
tions relative to transversions, especially in cases of
deep divergences where multiple superimposed substi-
tutions are likely (Reeder, 1995; Nei, 1996; Griffiths,
1997), yet few researchers have indicated at what
level downweighting should occur. First, second, and
third positions in a codon are often weighted inversely
with regard to their variability, because third position
substitutions are, in many cases, Synonymous
changes, while second position substitutions always
result in an amino acid replacement. There are reasons
to suspect that in most coding genes purifying selec-
tion is stronger on second rather than third positions,
due to the fact that second position changes are rare
and perceived as reliable, whereas third position
changes are more common and judged less reliable.
Bjorklund (1999), however, rejected the hypothesis
that second positions provide better phylogenetic
signal than third positions. Moore and DeFilippis
(1997) suggested that third positions may not be
neutral in their mutation patterns, but instead are
biased and under considerable selection. It would thus
appear that some third positions are seemingly as inert
from a mutational stance as first and second positions
(Xia, 1998), and consequently of considerable value
in phylogenetic studies. Bjorklund (1999) concluded
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that indiscriminate downweighting of third positions
as a single character class is not appropriate.

Our approach to this problem was twofold: we
downweighted transitions relative to transversions in
the commonly accepted manner by using the Ti/Tv
ratio as a qualitative benchmark. We also approached
the problem by first determining 0-fold and 4-fold
degenerate sites in our data then regardless of position
or type of substitution downweighted 4-fold relative
to 0-fold sites. Since 0-fold sites always result in an
amino acid change and 4-fold sites do not, we correctly
address the problem of base substitutions but escape
the recognized difficulties identified by Bjorklund
(1999) that pertain to codon position and type of sub-
stitution. Using this technique, both MP consensus
and bootstrapped MP consensus trees (Fig. 5a, b,
respectively) recovered those major clades identified
using other approaches.

Barker and Lanyon (2000) argued that the precise
ratio of weights for transition vs transversion substitu-
tions is of little overall consequence, and saw no sig-
nificant impact on the results of their phylogenetic
analyses when different types of weights were
employed. Weights between 0 and 5, for example,
yielded similar phylogenetic hypotheses (Barker and
Lanyon, 2000). We followed standard convention in
our analyses by downweighting transitions 4x and 8x
that of transversions, because transitions were clearly
saturated at all positions whereas transversions were
not (Figs. 3—4). Although our choice of weights was
arbitrary, they reflected at the high end the approxi-
mate Ti/Tv ratio inherent in our data. Interestingly, our
weighting schemes had little effect on the overall
arrangement of our parsimony topologies (see Barker
and Lanyon, 2000). This suggests (as above) that our
data are indeed strongly structured, for each weighting
scheme produced strongly supported hypotheses that
are quite similar to those produced by unweighted MP,
ML, and NJ analyses.

Analytical Methods

In our examination of parsimony trees we provided
two indices per tree as evaluative standards: the con-
sistency index (CI) and the retention index (RI). These
statistics are commonly cited in most phylogenetic
studies. CI (also called the homplasy index) represents
the fit of an entire data set to a tree, and trends from
one (if there is no convergence) towards zero as the
amount of convergence on the tree increases. The min-
imum possible value of CI on minimum length trees is

correlated with the numbers of taxa and characters,
and CI is often inappropriately scaled to permit
meaningful comparisons among studies that
employed different sets of characters or different
taxa (Archie, 1996:171). RI, on the other hand, mea-
sures the proportion of apparent homoplasy in the
data that is retained in the phylogenetic tree.

Few investigators actually discuss implications of
either high or low CI and RI values relative to the
expected accuracy of their tree. Furthermore, it is not
apparent from the literature just how these values
should be used. Similarly, the statistical significance
of gl values for tree-length distributions are also often
reported in spite of the fact that use of gl as a measure
of phylogenetic signal is deemed inappropriate
(Kallersjo et al., 1992).

Archie (1996:184-185) recommended two new
statistics for interpretation of evolutionary change on
a tree and indicated that both are more useful than CI
as a direct measure of homoplasy. These are SC
(average number of steps per character), and HC
(average homoplasy per character). SC (= 1/CI) con-
tains information inherent in CI but in a form directly
interpretable in terms of character change on a tree. It
also lacks the pretense of being scaled between fixed
limits. When data contain no homoplasy, SC = 1.0. As
homoplasy increases, SC increases (essentially)
without bounds. In an examination of 28 different data
sets from the literature, Archie (1989a, b, 1996) found
SC ranged from 1.06—4.71. In the present study, SC =
1.436. HC (= SC — 1), on the other hand, has a mini-
mum value of 0.0. In our study, the average homo-
plasy per character = 0.436. Both statistics indicate
that our data contain little homoplasy.

We also recognize the controversy with regard to
use of bootstrap proportions as a measure of phyloge-
netic strength (Sanderson, 1995), yet their properties
are better known than other similar measures. For
instance, the bootstrap proportion is recognized as a
biased indicator in that it underestimates the true
proportion for nodes strongly supported (Felsenstein
and Kishino, 1993; Hillis and Bull, 1993; Nei, 1996).
In this regard, Hillis and Bull (1993) found that when
four operational taxonomic units (OTUs) were differ-
entiated, a bootstrap probability (P) > 70% corre-
sponds to a probability > 95% that the node is real.
Given this, bootstrap support for clades in Figure 1a is
actually quite good in that all major divisions are
supported at > 70%. It is important to verify the
robustness of nodes within a tree because this, in turn,
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substantiates the accuracy of the entire phylogeny.
This is important because, once verified, molecular
phylogenies can be used as a basis to infer patterns of
evolution among morphological, physiological, onto-
genetic, and life history traits.

Rattlesnake Phylogeny

Molecular (mtDNA) approaches to reconstruct a
rattlesnake phylogeny have been performed since
Quinn (1987). Knight et al. (1993) used sequence data
from 12S and 16S mtDNA ribosomal RNA genes to
demonstrate the monophyly of rattlesnakes and pro-
posed their origin as mid-Cenozoic. Further, these
researchers concluded that Crotalus and Sistrurus are
each monophyletic. In contrast, Parkinson (1999)
showed that Crotalus is paraphyletic with respect to a
monophyletic Sistrurus, and that Agkistrodon is sister
to rattlesnakes. Kraus et al. (1996) previously found
Agkistrodon as sister to rattlesnakes in several of their
analyses. Murphy et al. (this volume) demonstrated
that Sistrurus is paraphyletic, and recommended place-
ment of S. ravus as a member of Crotalus (= C. ravus).

Pook et al. (2000) identified 37 unique haplotypes
from 68 inividuals of the C. viridis complex. A single
monophyletic species was supported but with two
major clades, the first with C. v. viridis and C. v.
nuntius, and the second with all remaining taxa west
of the Rocky Mountains. These results are in close
agreement with those of Quinn (1987). Pook et al.
(2000) further identified three distinct branches
within the western clade: southwestern United States
group (C. v. cerberus), Great Basin group (C. v. abyssus
and C. v. lutosus), and a Pacific Coast and inland
group (C. v. caliginis, C. v. concolor, C. v. helleri, and
C. v. oreganus). They indicated, however, that recog-
nition of the southwestern clade as an isolate and its
position as the basal member of the western clade
were in need of further study.

Distribution of mtDNA haplotypes in the analysis of
Pook et al. (2000) was not fully congruent with the sub-
species recognized by Klauber (1972). Whereas some
subspecies in their study formed distinct clades, others
were positioned deep within other subspecies (i.e., C. v.
caliginis within C. v. helleri, and C. v. abyssus within C.
v. lutosus). The grouping of C. v. concolor with the
Pacific Coast group, although somewhat difficult to
comprehend from a geographic viewpoint, was deemed
logical based on studies of venom composition. Pook et
al. (2000) identified six of the nine subspecies as either
paraphyletic or insignificant local variants within other

clades. Furthermore, they argued that recognition of
nine C. viridis subspecies as categories of equal rank
masked the phylogenetic signal in their data.

The results of Ashton and de Queiroz (2001) differ
from those of Pook et al. (2000) primarily in how
these authors depicted relationships among members
of the western clade. These differences might have been
due to sampling procedures and choice of markers (see
Taxonomic Conclusions and Recommendations).

Our study of the C. viridis complex reflects a
genetic architecture with both deep and relatively
shallow components. At the deepest levels of differen-
tiation, our results support those of Pook et al. (2000)
and reaffirm the monophyly of the entire complex
(bootstrap support = 100%). We also agree with
Quinn, (1987) and Ashton and de Queiroz (2001) that
the complex is divided into eastern and western clades
(94% support in our analyses).

The remaining seven Western Rattlesnake sub-
species comprise the western clade. We differ from
Pook et al. (2000) and Ashton and de Queiroz (2001),
however, in the allocation of the remaining and more
recently evolved members of the western clade. Our
differences primarily reflect the evolutionary rates of
the mtDNA markers being used, and our intensive
sampling of C. viridis in the Colorado Plateau region,
which we emphasize is important to understanding the
evolution of this group. In this sense, the above
researchers used slower-evolving markers and had
few samples from the Colorado Plateau, whereas we
utilized genes with faster evolutionary rates and sam-
pled extensively from this region (Figs. 1-2). In the
sections below, we evaluate our results with respect to
previous studies.

Prairie Rattlesnake (Crotalus v. viridis) and Hopi
Rattlesnake (C. v. nuntius)

Klauber (1935) was hesitant to designate C. v.
nuntius as a subspecies because the head and body
pattern, edges of the dorsal blotches, characteristic
arrangement of markings on the head, and form of the
tail rings all demonstrated a close relationship with C.
v. viridis. Klauber felt, however, that the conspicuous
size and color differences between the two and signif-
icant differences in scale counts warranted their sepa-
ration. Klauber (1935:83) noted, for example, that the
smallest (out of 149 individuals) pregnant C. v. viridis
from Colorado was 588 mm total length (TL), whereas
the smallest pregnant C. v. nuntius (out of 6 individ-
uals) was 395 mm TL.
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Klauber (1935) considered those rattlesnakes north
of the Little Colorado River Basin (Fig. 2) as taxo-
nomically problematic. This situation was exacerbated
by the fact that Hopi Indians often brought in rat-
tlesnakes for their religious ceremonies from areas
distant to the reservation. Klauber (1935:86) observed
both subspecies in the Snake Dance (a ceremony for
which the subspecific epithet “nuntius” or messenger,
was coined). Despite this activity, Klauber indicated
that individuals from the San Juan drainage area in
northeastern Arizona were indeed C. v. viridis.
Klauber (1930;126) stated that specimens typical of
confluentus (= C. v. viridis) were captured “...as far
westward as the Santa Fe’s branch line to the Grand
Canyon” (which would be at Williams, Arizona, ca. 52
km west of Flagstaff).

Our results (e.g., Fig. 5a) indicate that the eastern
clade of the C. viridis complex comprises at least five
subdivisions, four of which comprise C. v. viridis and
one that represents C. v. nuntius. Boostrap support for
these subdivisions is reasonable, ranging from 59—68%.
Interestingly, C. v. nuntius projects the lowest boostrap
support. The percent sequence divergence between
C. v. nuntius and C. v. viridis is 0.4% (Table 1). Our
results also indicate that C. v. nuntius is essentially
devoid of detectable mtDNA variation with respect to
ATPase 8 and 6. The within-group p-distance for C. v.
nuntius (N = 23) was 0.0 £ 0.0% (Table 2).

Morphological analyses by Quinn (1987) separat-
ed C. v. viridis into two groups on the east and west
sides of the Rocky Mountains. Our molecular results,
however, do not support this east-west generalization,
as we identified individuals from clades V1 and V2
on both sides of the Continental Divide. We currently
recognize the eastern clade as a single species, C.
viridis, but this might change as we increase geo-
graphic sampling.

Arizona Black Rattlesnake (Crotalus v. cerberus)
Klauber was equivocal with regard to the status of
C. v. cerberus. Klauber (1949:65) noted that C. v.
oreganus was a single subspecies ranging along the
Pacific slope from southern British Columbia into
northern Baja California. At that time, C. v. cerberus
was considered to be an isolated population of C. v.
oreganus in the mountains of central Arizona
(Klauber, 1930, 1936). Later, Klauber (1949:66)
recognized the “...added weight of a complete terri-
torial separation” with regard to the status of C. v.
cerberus, yet noted “...the helleri-cerberus differences

are somewhat less consistent”...than those separating
helleri from oreganus. The latter he judged (p.66)
“...as important and consistent as those between any
other subspecies of C. viridis, such as [utosus and
viridis.” Klauber (1949:88) concluded that the relation-
ship of C. v. cerberus with “...helleri, which is a
member of the uninterrupted viridis chain, is so close
and obvious that (the former) should not be considered
a separate species, regardless of its present isolation.”

Klauber (1949:87) also indicated considerable
variation in color and pattern within C. v. cerberus,
especially with respect to northern vs southern popu-
lations in Arizona. He determined C. v. cerberus to be
most closely related to southern specimens of C. v.
helleri, particularly those found at higher elevations in
Baja California Norte. Our analyses show that C. v.
cerberus (Plate 12e) is the most variable taxon of our
major clades, exhibiting 1.5% within-group
sequence-divergence (Table 2). It is noteworthy that
this average spans only 10 individuals.

We concur with Pook et al. (2000) that C. v. cerberus
is a unique lineage (supported at 87% in our study).
Our results place it as the basal-most member of the
western clade. The remainder of the western clade is
supported at 66%, and this group is arranged into five
separate subdivisions which are: C. v. abyssus, a para-
phletic C. v. lutosus, C. v. concolor; a paraphyletic C. v.
oreganus, and C. v. caliginis-C. v. helleri. Each of
these subdivisions is well resolved with bootstrap
values ranging from 72-92%. Although relationships
of the clades are unclear in our bootstrap MP and
weighted MP analyses (Figs. 5a, 6a), the MP strict
consensus tree (Fig. 5b) is better resolved, but with
one division of C. v. oreganus (O1) forming an unre-
solved polytomy. The weighted MP consensus is
presented in Figure 5b, except that the second
subdivision of C. v. oreganus (O2) forms an unre-
solved polytomy. Overall, bootstrap analyses
depict the majority of the western clade (i.e., four
of seven subspecies) as unresolved, and the strict
consensus (weighted and unweighted) provided
slightly more resolution.

Northern Pacific Rattlesnake (Crotalus v. oreganus)

Klauber (1949:72) noted that C. v. oreganus is
variable in ventral scale counts (San Francisco Bay
area vs central Sierra Nevada), and that color pattern
differences are also characteristic of, and consistent
for, several local areas within its distribution (e.g.,
northwestern California, southwestern San Joaquin
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Valley (Plate 14c), higher elevations of the southern
Sierra Nevadas, and possibly the Trinity Mountains).
He also noted that C. v. oreganus intergrades with
other subspecies whose distributions it abuts (C. v.
viridis, C. v. lutosus, and C. v. helleri). Klauber
(1930:127) stated, ““...altogether, I consider intergra-
dation between confluentus [= viridis] and oreganus
most definitely proven through abyssus and lutosus,
and it is upon this link that I base the retention of the
name confluentus oreganus for the coast form.” We
discuss Klauber’s perspectives on intergradation in a
subsequent section.

Klauber (1949) expressed that C. v. oreganus was
most closely related to C. v. [utosus and distantly
related to C. v. viridis. He was equivocal regarding the
relationship between C. v. oreganus and C. v. helleri,
suggesting the latter could be a derivative of C. v.
oreganus, but also suggesting that (p. 73) C. v. helleri
“...may represent an independent invader from an
ancestral form in southern Arizona, with a subsequent
meeting and re-amalgamation in the Central
California area where oreganus and helleri now
intergrade.” Brattstrom (1964), on the other hand,
suggested a close relationship between C. v. oreganus
and C. v. helleri, based on osteological data. Results
stemming from venom electrophoresis (Foote and
MacMahon, 1977) were in agreement with those of
Brattstrom (1964). Schneider (1986) used morpho-
logical evidence to suggest that C. v. oreganus and C.
v. helleri intergrade broadly in California where their
respective ranges abut.

Our results juxtapose with those of Klauber and
indicate that C. v. oreganus is paraphyletic. The MP
strict consensus tree (Fig. 5b) has the two subdivi-
sions of C. v. oreganus as separate clades, and the
weighted MP strict consensus tree (Fig. 6b) is similar.
Based upon geographic location of the type specimen,
we would recognize the clade O2 as C. oreganus
(see Plate 14a), and clade O1 represents an unde-
scribed C. oreganus-like form, and further sampling
and analysis will be required before it can be for-
mally described.

Southern Pacific Rattlesnake (Crotalus v. helleri)
This subspecies was recognized by Klauber
(1949:81-82) as phenotypically homogeneous, an
attribute associated with its reduced and ecologically
more uniform habitat, particularly when compared to
either C. v. oreganus or C. v. cerberus. Klauber (1949)
noted, nevertheless, that individuals from desert

foothill areas were uniformly lighter colored, whereas
those from areas higher in elevation were darker, often
nearly black, and thus reminiscent of C. v. cerberus
(see Plate 13a). He also found phenotypic differences
in C. v. helleri, particularly with regard to specimens
from the southern part of the range, but his sample
sizes from Baja California were too small for statistical
analyses. Klauber proposed that C. v. helleri was
closely related to C. v. oreganus and C. v. cerberus.
He concluded that C. v. helleri and C. v. cerberus were
alike in characters that separate C. v. helleri and C. v.
oreganus, suggesting a close relationship between the
former pair (Klauber, 1949).

Our data suggest that C. v. helleri is distinct but
situated between two subdivisions of C. v. oreganus
(unweighted MP consensus; see Fig. 5b), or in an
unresolved polytomy with C. v. concolor (weighted
MP consensus; see Fig. 6b). It is also in a larger, unre-
solved polytomy in the boostrapped versions of the
unweighted and weighted MP analyses (Figs. 5a and
6a, respectively). It should be noted that the clades are
distinct in the bootstrap analyses, but their relation-
ships to one another are unresolved.

Coronado Island Rattlesnake (Crotalus v. caliginis)

Klauber (1949:94) described C. v. caliginis, a taxon
endemic to Isla Sur of the Isla de los Coronados located
off the west coast of Baja California Norte (Fig. 1).
South Coronado is the largest (ca. 2.82 km in length,
205 m in elevation) and most southern and eastern of
the four islands in the group, and is ca. 13 km from
Tijuana. The island is rocky with precipitous cliffs and
the beaches are few and limited in their extent. In
addition, the channel separating the island from the
mainland is deep and cold and the wind blows almost
continuously toward the mainland. Klauber stated,
“...caliginis is obviously derived from helleri of the
nearby mainland, yet it has evidently been separated
from the mainland population for a considerable
time.” But he also recognized, “...while the evidence
points to a long isolation of caliginis, 1 am unable to
find any consistent differences between it and helleri
in squamation and pattern.” The major difference,
Klauber concluded, is one of stunting, with C. v.
caliginis being much smaller than C. v. helleri.
Klauber (1949:95) showed that pregnant females (N
= 4) from the C. v. caliginis type series averaged 570
mm TL, whereas the smallest pregnant C. v. helleri mea-
sured by Klauber was 596 mm TL. The size difference
is thus real.
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Klauber (1949) also reported that C. v. caliginis
appears to feed almost exclusively on lizards, in spite
of the fact that small mammals are present on South
Coronado Island. This stands in contrast to the diet of
small mammals that typify the prey of juvenile and
adult C. v. helleri on the mainland. He speculated that
this may reflect a diurnal rather than nocturnal activity
pattern for C. v. caliginis, which may in turn indicate a
potential response to the cold and foggy climate of the
island. As noted by Holycross et al. (this volume), a
shift in the diet of C. willardi from lizards and inver-
tebrates to primarily mammals is associated with age
and body size. Consequently, an alternative hypothesis
is that C. v. caliginis preys upon lizards (and is thus
diurnal) due to gape-limitations.

Klauber was reluctant to identify insular popula-
tions of rattlesnakes as new taxa unless the data were
compelling. Although he was unable to find consistent
differences in squamation or pattern between C. v.
helleri and C. v caliginis, (Klauber, 1949) considered
that long isolation from the mainland and lack of
opportunity for gene flow, as well as differences in
body size and natural history, warranted subspecific
designation for the latter. Grismer (2001, 2002)
agreed with Klauber’s rationale, but he considered
those differences sufficient to elevate C. v. caliginis
to specific status.

Our results and those of Pook et al. (2000) indicate,
however, that C. v. caliginis is imbedded within the C.
v. helleri clade. If gene flow from the peninsula does
not occur (as per Klauber’s reasoning), then possibly
separation of the island from the mainland is more
recent than Klauber originally thought. In addition,
there are characters other than those based on mtDNA
genes that can serve as synapomorphies to distinguish
species (discussed below).

Midget Faded Rattlesnake (Crotalus v. concolor)
Klauber (1930:111-112) identified C. v. concolor
as a subspecies of C. v. viridis (as C. confluentus
decolor) “...differing from all other subspecies in
coloration and size, being the lightest as well as the
smallest of the several subspecies.” Klauber
(1935:83) also indicated, “...just as nuntius is a
stunted form of confluentus [= C. viridis], so concolor
seems to be a stunted form of lutosus; concolor is
superficially more like nuntius than any other of the
confluentus subspecies, although it is doubted whether
the relationship is a direct one. In any case, they differ
in color, pattern, and head scales, especially the

number of scales before and between the supraoculars.”
With reference to intergradation between C. v. concolor
and C. v. viridis, Klauber (1930:126) noted, “...such is
rather to be assumed both from the territory and the
characteristics of the subspecies, but available material
permits no definite conclusions.” Klauber (1936:242),
however, indicated intergradation between C. v.
concolor and C. v. viridis north of the valley of the
San Juan River in Utah.

Based on morphological data, Hammerson (1981,
1999) considered populations of C. viridis in the four
corners region (Arizona, Colorado, New Mexico, and
Utah) to be intergrades between C. v. viridis and C. v.
concolor. The mtDNA results of Quinn (1987) for
specimens from this region, however, did not support
this view, as no C. v. concolor haplotypes were
revealed. Our results (Fig. 5a) corroborate those of
Quinn (1987). In addition, in analyzing patterns of mor-
phological diversity, Aird (1984) and Quinn (1987)
found C. v. concolor widely separated from all other
subspecies of C. viridis (see Plate 14d—f, Plate 15).

With regard to venom, Glenn and Straight (1977)
determined that C. v. concolor appears to possess one
of the most lethal crotaline venoms in the New World,
and considered the venom 10-30 times more lethal
than all other C. viridis subspecies (all subspecies
were tested except for C. v. abyssus). Further, in view
of their venom analysis, Glenn and Straight (1977)
raised questions about the phylogenetic relationship of
C. v. concolor and stated, “If venom lethality were
considered instead of other morphological criteria
such as squamation, C. v. concolor could be consid-
ered a separate species, not a subspecies of C. viridis.”
Subsequently, Pool and Bieber (1981) demonstrated
the occurrence of a potent presynaptic neurotoxin in
C. v. concolor venom. From a taxonomic perspective,
Aird (1985) argued that the venom of C. v. concolor is
more similar to that of C. v. viridis than to C. v. lutosus.
Unless convergence is operating, our mtDNA results
would suggest otherwise because C. v. viridis is a
member of the eastern clade, whereas C. v. concolor
and C. v. lutosus are members of the western clade.
The average net percent sequence divergence between
the two clades is 10.5 (= 2.7)%. In contrast to Aird
(1985), based on isozyme analyses Quinn (1987)
showed that C. v. concolor was more similar to C. v.
lutosus than to C. v. viridis.

In comparison to C. v. viridis, and perhaps other
members of the C. viridis complex, C. v. concolor
exhibits differences in behavior. Ashton (1999), for
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example, described shedding aggregations in C. v.
concolor at or near dens in June and July, which often
consisted of multiple males in the absence of females.
This type of shedding aggregation has not been
described for C. v. viridis (e.g., Duvall et al., 1985;
King and Duvall, 1990). Unlike C. v. viridis in central
Wyoming, which was not observed to make move-
ments during cold evenings, C. v. concolor in south-
western Wyoming was observed to make movements
at cold temperatures (ca. 5°C) during the evening in
late September (see Porras, 2000). In contrast to the
movement patterns of C. v. lutosus, C. v. oreganus,
and C. v. viridis (see Duval et. al, 1985; Macartney et
al., 1988; King and Duvall, 1990; Cobb, 1994), which
travel long distances during the active season (up to 11
km), Ashton (1999) found that C. v. concolor in
southwestern Wyoming did not travel far from den
sites and showed no seasonal migrations. Based on
our observations of C. v. concolor in southwestern
Wyoming, we concur with Ashton (1999); furthermore,
we have encountered C. v. concolor at dens in this
region throughout the active season (April to October;
L. Porras and G. Schuett, unpublished). This level of
seasonal den site fidelity has not been observed in
other members of the C. viridis complex.

We show herein that C. v. concolor is not merely a
stunted C. v. lutosus, as discussed by Klauber. In both
unweighted and weighted MP consensus trees (Figs.
5b and 6b, respectively), C. v. concolor shares an
unresolved polytomy with one (of two) subdivisions
of C. v. oreganus. Bootstrap evaluations of these MP
trees place C. v. concolor within a larger polytomy
that contains both subdivisions of C. v. oreganus, as
well as C. v. helleri and C. v. caliginis.

One interesting finding of our research is that while
C. v. concolor displays a moderate within-group p-
distance (0.7 + 0.1%; Table 2), molecular variation
within this clade is completely unstructured. That is to
say, there is no geographic differentiation within C. v.
concolor with respect to the mtDNA genes we
inspected (Figs. 5-8), in spite of the fact that 23 indi-
viduals were evaluated from southwestern Wyoming
and western Colorado, as well as northeastern and
southeastern Utah.

Grand Canyon Rattlesnake (Crotalus v. abyssus)
In Figures 5 and 6, C. v. abyssus-C. v. lutosus was
partitioned into a well-defined (at 88% support) C. v.
abyssus and paraphyletic C. v. lutosus. These three
subdivisions represent the most recently evolved

lineages of the western clade. Furthermore, we found
evidence of additional subdivisions within each clade.

Klauber (1930:114) identified C. v. abyssus as ““...a
peculiar phase of Crotalus confluentus [= C. viridis]
distinguished by its vermilion or salmon coloration
and an almost complete absence of markings in the
adult.” He further noted (p. 115-116) that it has been
taken “...only in the Grand Canyon of the
Colorado...but on both sides of the river and at least
to the rim of the Canyon.” Young and Miller (1980)
echoed the above conclusions relating to color and
geographic location. Klauber (1930:117) concluded
that C. v. abyssus was closely related to C. v. lutosus
primarily “...in character of body markings, width of
postocular stripe, scales before and between
supraoculars, and in tail rings. In color it more nearly
resembles confluentus [= C. v. viridis], especially
the stunted red form [= C. v. nuntius] found in the
vicinity of Winslow, Arizona. The latter, however, is a
darker, richer red with typical confluentus markings
and scutellation. This may be a case of parallel
development or intergradation down the Little
Colorado River.” Our data support some of Klauber’s
conjecture. Percent sequence divergence between C. v.
lutosus and C. v. abyssus is 1.0 = 0.3. Young et al.
(1980) found C. v. abyssus to be more closely related
to C. v. lutosus than to either C. v. nuntius or C. v.
concolor based on venom profiles.

There are, however, two areas where our observa-
tions do not agree with those of Klauber (1930:114).
Most C. v. abyssus we have encountered were not ver-
milion or salmon in coloration, but yellowish-tan, pale
gray, pale brown, or buff. More importantly, we have
found haplotypes of C. v. abyssus external to the
Grand Canyon. We have also examined museum spec-
imens that we determined to be C. v. abyssus based on
morphological characters (L. Porras et al., unpub-
lished). In Utah, individuals of C. v. abyssus were
found in the Grand Escalante-Staircase National
Monument (Kane Co.) from near the Paria River
(Plate 16a), and from the Kaiparowitz Plateau and
adjacent Straight Cliffs and Fifty-Mile Bench. The
castern Kaiparowitz Plateau and the Straight
Cliffs/Fifty-Mile Bench escarpment drain into Lake
Powell by way of southward-running ephemeral
creeks and arroyos.

The Kaiparowitz Plateau is a rugged region that
opens northwestward from Lake Powell at the
upstream terminus of the Grand Canyon. In the southern
Kaiparowitz (an area lower in elevation), individuals
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phenotypically resemble C. v. abyssus from the Grand
Canyon, whereas those from the more northern areas
of the Kaiparowitz region are somewhat atypical
(Plate 16b—d). Yet, from the standpoint of our mole-
cular markers, all are members of the C. v. abyssus
clade (M. Douglas et al., unpublished).

The ecology of C. v. abyssus is scarcely known. In
the most extensive ecological evaluation of this
taxon, Reed and Douglas (2002) used radiotelemetry
to evaluate movement behavior, activity range size,
and habitat use of nine individuals in the Little
Colorado River gorge, ca. 3 km above its confluence
with the Colorado River in Marble Canyon (see Fig.
2). On average, snakes moved 26 m/day and 45
m/movement, with males moving greater distances
than females (although movement frequency was
equal between sexes). In contrast to C. v. viridis
(King and Duvall, 1990), individuals in their study
exhibited low directionality of movements. Activity
size varied from < 4 to > 30 ha among individuals,
but these ranges were elongated due to the corridor-
like nature of the canyon bottom. Individual snakes
appeared to be dietary opportunists, eating a variety
of rodent and lizard prey. They also preferentially
used riparian areas and avoided floodplains, using
talus and upland mesquite habitats in rough propor-
tion to their availabilities.

Great Basin Rattlesnake (Crotalus v. lutosus)

This subspecies has a range that extends from the
Sierra Nevadas in California, across the Great Basin to
the Rocky Mountains in central Utah, and southward to
the Grand Canyon (see Plate 13b—e). Klauber (1930)
considered that C. v. lutosus intergraded with other C.
viridis subspecies along much of its boundary, but
these relationships did not emerge until subsequent
publications, specifically when Klauber defined new
(or redefined previous) subspecies. Quinn (1987),
however, indicated that gene flow was not known to
occur between C. v. lutosus and C. v. concolor. Along
the eastern boundary, we have not detected intergrada-
tion between C. v. lutosus and C. v. viridis, or between
C. v. lutosus and C. v. concolor. Interestingly, C. v. con-
color and C. v. lutosus are syntopic near Arcadia
(Duchesene Co., Utah; J. Glenn and R. Nohavec, pers.
comm.). Also, we are aware of contact zones between
C. v. lutosus and C. v. abyssus, and C. v. lutosus and C.
v. oreganus, but this information will be presented
elsewhere (M. Douglas et al., unpublished).

Our data show that C. v. lutosus is paraphyletic and
shows a closer relationship to C. v. abyssus than to C.
v. concolor. Based on our geographic sampling (e.g.,
location of the type locality), we designate the clades
L1 and L2 as C. v. lutosus (Fig. 5a), and the clade L3
represents an undescribed /[utosus-like population.
Additional specimens of C. v. lutosus from throughout
the range will be required before we can resolve the
taxonomic allocation of the L3 clade.

Our confirmation that C. v. lufosus penetrates into
the Grand Canyon (Fig. 2) is important. Individuals
with C. v. [lutosus haplotypes were found at side
canyons in the following reaches of the Grand Canyon
(as defined by Schmidt and Graf, 1990): Redwall
Gorge (at South Canyon), the Middle Granite Gorge
(at Randy’s Rock, Stone Creek, and Deer Creek),
Muav Gorge (at Kanab Creek), and Lower Canyon (at
Tuckup Canyon). All of these sites are on the north
side of the Colorado River. We are not surprised that
C. v. lutosus is found within the Grand Canyon,
because this taxon occupies a variety of habitats in a
broad elevational range, and thus can be characterized
as an efficient colonizer. Fowlie (1965:157-158)
recorded it on the north rim of the Grand Canyon at
Toroweap Valley and Point Sublime (west and east of
Kanab Creek, respectively). Jett (1972:12) observed a
single specimen of C. v. [lutosus in Kanab Creek
Canyon approximately 12.7 km above its confluence
with the Colorado River (also see Miller et al., 1982).
Many tributaries and deep canyons drain southward
from the north rim of the Kaibab Plateau. Rattlesnakes
clearly follow riparian corridors and also canyons with
declining topography. The presence of C. v. lutosus in
the Grand Canyon, particularly at confluence of tribu-
taries and side canyons with the Colorado River, is a
logical outcome of its life history.

In conclusion, the mtDNA haplotypes uncovered in
our analyses support seven of the nine subspecific
lineages recognized by Klauber (1972). Klauber’s
perspectives were derived more than a half-century
ago, and the resolution gained from a molecular
approach has considerably improved those earlier per-
spectives. We feel that despite certain shortcomings,
Klauber’s lineages of C. viridis are robust; nonethe-
less, several (C. v. viridis, C. v. oreganus, C. v. lutosus)
reflect additional cryptic variation that may render
them paraphyletic. From a phenotypic standpoint this
paraphyly may eventually be resolved once appropriate
and sufficient samples are acquired and analyzed.
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Klauber’s View on Intergradation in C. viridis

While there is no doubt that Klauber had a good
eye for detecting intraspecific differentiation, he often
interpreted phenotypic evidence for intergradation in a
non-quantitative fashion. Often, he did not quantify
those characteristics among individuals he suspected
were intergrades. This is unusual, simply because
Klauber was among the first among herpetologists to
incorporate statistical analysis on problems of pheno-
typic variation. We attribute this to the fact that issues
of intergradation were more “gestalt” to Klauber
rather than truly quantitative. While he made efforts to
classify single or groups of individuals with regard to
membership with neighboring subspecies (e.g.,
Klauber, 1943), most often those efforts were to
demonstrate statistical and graphical approaches
rather than to evaluate potential intergradation. We
suggest, instead, that Klauber viewed aberrant pheno-
typic variance (i.e., variation not falling within prede-
termined “types”) as prima facia evidence for intergra-
dation. In that sense, Klauber used intergradation and
hybridization as convenient hooks upon which to hang
discordant variation (see Douglas et al, 1999a).
Klauber (1930:127) expressed that C. v. concolor
showed “Intergradation with either confluentus [= C.
v. viridis] to the east or north, or lutosus to the west, or
both.” Also, he indicated (Klauber, 1930) that C. v.
abyssus is believed to intergrade with C. v. lutosus and
C. v. viridis, and that C. v. lutosus intergrades with C.
v. oreganus to the west and C. mitchellii stephensi (as
C. confluentus stephensi) to the southwest. Klauber
(1936:253) provided a map depicting C. v. abyssus as
intergrading with C. v. nuntius along the south rim of
the Grand Canyon, and probably with C. v. [utosus
along Kanab Creek in the Grand Canyon. He simi-
larly depicted C. v. nuntius as intergrading with C. v.
viridis in northeastern Arizona, and the latter with C.
v. concolor in southeastern Utah.

In essence, Klauber appears to have perceived C.
viridis as a species linked via gene flow from its
eastern to its western terminus. Klauber (1935:86)
commented, “...the most certain intergradation (as
known today) of the two terminal forms, oreganus and
confluentus [= viridis], is that via the detour confluentus,
nuntius, abyssus, lutosus, oreganus, and this is not as
certain as is desirable.” Today such an interpretation is
difficult for us to unequivocally accept because it
forces the premise that phenotypic variability among
clades is environmentally rather than genetically
induced. In other words, selection overwhelms gene

flow. How else could those subspecific patterns recog-
nized by Klauber sustain themselves? Examples exist
where selection has indeed been paramount (e.g., nat-
ural selection in Nerodia sipedon, Camin and Ehrlich,
1958; industrial melanism in Biston betularia,
Kettlewell, 1973), yet most biologists today would
agree these are exceptions rather than the rule. We
suggest that the levels of gene flow envisioned by
Klauber would induce cohesion and homogeneity
among subspecies rather than the diversification we
see. Consequently, although Klauber observed great
differentiation among C. viridis throughout its range,
he concomitantly visualized a mixing of these distinct
traits among forms not only at zones of subspecific
contact (which would be expected), but also in those
areas where the phenotype of a particular rattlesnake
did not conform to the typology of the resident clade.

Klauber’s perspectives on intergradation within the
C. viridis complex strongly influenced viewpoints of
subsequent researchers, particularly those working in
the four-corners region (i.e., Arizona, Colorado, New
Mexico, Utah). Woodbury et al. (1958), for example,
stated that Glen Canyon (now inundated by Lake
Powell, Arizona and Utah) “...is a region of subspe-
cific intergradation between the yellow rattlesnake of
the Escalante and Henry Mountain region (C. v.
concolor), the reddish-colored Grand Canyon rat-
tlesnake (C. v. abyssus), the little pink rattlesnake of
the Little Colorado River basin (C. v. nuntius), and
possibly the typical greenish form of the western rat-
tlesnake from northwestern New Mexico and north-
eastern Arizona (C. v. viridis).” Similarly, Woodbury
(1961) further noted in a reconnaissance of the Navajo
Reservoir basin “...three specimens (Archuleta Co.,
Colorado) are probably intergrades of C. v. viridis and
either C. v. nuntius or C. v. concolor. Our specimens
did not show clear characters of any of the above sub-
species so they will be regarded as intergrades until
further collecting and comparison enables a more pre-
cise allocation.” Hammerson (1999:385-386) likewise
stated, “Moffatt, Routt, and Rio Blanco counties
apparently constitute an area of intergradation
between concolor and viridis” (see Plate 14¢). He also
considered “...rattlesnakes from southwestern
Colorado (north to Montrose County and east of La
Plata County, or perhaps Archeluta County) should
be regarded as viridis-concolor intergrades....”
Comparably, Graham (1991) noted, “...populations of
rattlesnakes at Natural Bridges (southeastern Utah)
appear to be intergrades between two subspecies of C.
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viridis: the midget faded (C. v. concolor) and the
prairie rattlesnake (C. v. viridis)” (but, see Plate 14f).
Similar perspectives can be found elsewhere (e.g.,
Douglas, 1966; Miller et al., 1982; Stebbins, 1985;
Lowe et al., 1986; Bartlett and Tenant, 2000).

How much of this speculation is simply honest
confusion invoked by phenotypic plasticity in a poly-
typic species of rattlesnake? Does this represent an
echo of Klauber’s perspectives? We suggest the latter
is paramount and base our perspectives upon the
innately human desire to tell (and hear) a good story
(Gould, 1980), coupled with the traditional approach
of field biologists to build upon published observa-
tions of other researchers. With regard to the latter,
Klauber was prolific in publishing taxonomic view-
points (Klauber, 1930, 1936, 1949), whether substan-
tiated or speculative. In addition, biologists are often
unduly influenced by the philosophical milieu of their
time. European researchers of the early 1940s were
captivated by the concept of ecophenotypy, and sub-
sequently interpreted the diversity of whitefish
(Coregonus) inhabiting Swiss lakes in light of this
favored hypothesis. These erroneous interpretations
stand today as taxonomic “stumbling blocks” for the
recognition of biodiversity in those lakes (M. R.
Douglas and P. Brunner, unpublished).

Similarly, we posit that Klauber must have been
influenced by the concept of “Rassenkreis” (i.e., ring
of races), which was in vogue in the 1930s and early
1940s, and was a central topic in numerous publica-
tions (i.e., Miller, 1931, 1941; Fitch, 1940; Huxley,
1942; Mayr, 1942). The term was first coined in a
smaller systematic publication (Rensch, 1926), then
subsequently defined (Rensch, 1929:13) as ““...a com-
plex of geographic races that have diverged from each
other, are geographic substitutes for each other, and
are capable of unlimited reproduction with their
neighboring geographic races.” Furthermore, Rensch
noted that a Rassenkreis was named according to the
rules of nomenclature after the first described (i.e.,
nominal) race (e.g., Crotalus viridis viridis). He
further stated that the term was synonymous with
what some researchers considered as “Art” (species),
“Formenkreis” (ring of forms), or “Rassenkette”
(chain of races), but that the new term was preferred
in that it is unequivocal. The difference was that geo-
graphic races were reproductively isolated from all
other geographic races of the same Rassenkreis except
for the neighboring races. Mayr (1982) noted that use
of an internationally more suitable term, polytypic

species, originally introduced by Julian Huxley
(1938:255), might have been a response to the nega-
tive connotations of “race” being promulgated at that
time by Adolph Hitler. Additionally, Rensch (1929)
proposed to officially recognize not only groups of
geographically representative subspecies (i.e.,
“Rassenkreis”), but groups of geographically repre-
sentative species which he termed “Artenkreis,”
which Mayr later renamed as superspecies. Huxley
(1938:255) instead suggested the term “geographical
subgenus” which would translate in today’s lexicon as
a species complex.

Gene flow was expected among components of a
“Rassenkreis” as a phenomenon synonymous with its
definition. Huxley (1942:180) stated, “...numerous
examples are to be found of Rassenkreise whose
extreme subspecies are so distinct that they would
rightly be classified as separate species if the inter-
grading, connecting types were not known.” In our
view, Klauber fully expected the subspecies of C.
viridis to exchange genes in such a manner that indi-
vidual components of the ring were interminably
linked. In fact, Klauber went out of his way to press
this interpretation on numerous occasions, and occa-
sionally to employ anecdotal perspectives and non-
synthetic data as reinforcement. This approach, while
contemporary in Klauber’s era, is now considered an
impediment to understanding the evolution of so-called
polytypic species such as C. viridis, just as the outdated
concept of ecophenotypy is an impediment to under-
standing evolution of Coregonus in the Swiss lakes.

The maternal inheritance of the genetic markers
used in this study does not allow us to unequivocally
reject hypotheses of hybridization. A similar perspec-
tive was noted by Chow and Takeyama (2000), who
found mtDNA heterogeneity among samples of
swordfish (Xiphias gladius) but were unable to deter-
mine if these were subsamples from a panmictic unit
or represented population admixture. Intergradation
between taxa of the C. viridis complex has been doc-
umented based strictly on phenotypic analysis (e.g., C.
v. helleri x C. v. oreganus; Schneider, 1986), but we
have no evidence at this time that its occurrence is
widespread. The fact that we find reciprocal mono-
phyly among the clades in our study, however, argues
against the view of rampant intergradation as presented
by Klauber. Further, C. viridis is known to hybridize
with other species of rattlesnakes outside of the com-
plex (e.g., Perkins, 1951; Cook, 1955; Klauber, 1972;
Murphy and Crabtree, 1988; Glenn and Straight, 1990;
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Rubio, 1998). We conclude that it would be surprising
if occasional intergrades or hybrids were not found.

Biogeography and Divergence Times

Just as mtDNA is often less than optimal as a
marker to document intergradation and hybridization
among clades, it likewise has difficulty in distin-
guishing the post-Pleistocene divergence of popula-
tions or species. In the former situation, the problem
stems from the maternal inheritance of the molecule,
whereas in the latter it stems from the fact that
mtDNA does not accumulate mutations rapidly
enough to adequately reflect this relatively recent
divergence (as per Brunner et al., 1998). In addition,
much of the observed post-Pleistocene divergence
within clades often follows a severe reduction in popu-
lation sizes and the genetic bottlenecking it produces.
In essence, those species that have gone through such
a reduction in population size and/or distribution have
recalibrated their molecular clock such that phylogeo-
graphic evolution is reinitiated. Baker et al. (1994), for
example, found using mtDNA that lineage variation in
Arctic-breeding shorebirds (Red Knot, Calidris
canutus) was minimal, and thus relationships among
geographic populations could not be determined.
These birds were apparently bottlenecked through a
small population in the late Pleistocene and only
expanded into their current broad distribution within
the last 10,000 years (Baker and Marshall, 1997).
Similarly, Walker et al. (1998) found only a single
mtDNA control region haplotype in 66 Snapping
Turtles (Chelydra serpentina) collected from 10 dif-
ferent states in the southeastern United States. These
researchers noted how unusual it was to recognize
only a single evolutionarily significant unit (ESU) in
an otherwise phylogeographically rich region, and
particularly one that had previously demonstrated con-
siderable genetic diversity in other turtle species
(Walker and Avise, 1998). As with the Red Knot, the
most parsimonious explanation for these results is a
severe post-Pleistocene bottleneck in C. serpentina
across the southeastern United States, followed by a
relatively recent range expansion.

Avise et al. (1998) summarized divergence times
for intraspecific phylogroups of non-avian verte-
brates. Among 189 species surveyed for mtDNA
population structure across major portions of their
respective ranges, 103 (54%) displayed a Category 1
phylogeographic pattern (i.e., a deep gene tree with
major allopatric lineages). In mammals, 52 of 72

inferred phylogroup separations (72%) date to the
Pleistocene, while most of the remainder date to the
Pliocene. These numbers are similar to those for avian
taxa. Interpretations for other vertebrates are compli-
cated by suspected slower mtDNA clock calibrations
(Avise et al., 1992). Under assumptions of a standard
clock in amphibians and reptiles, 27 of 47 phylogroup
separations (57%) date to the Pleistocene. In fishes, 19
of 26 (73%) date to the Pleistocene. These percentages
drop to 15% and 31%, respectively, under a 4-fold
slower clock.

Crotalus viridis shows a Category 1 phylogeo-
graphic pattern, and if we apply the above-mentioned
rationale to evaluate divergence of C. viridis phy-
logroups and use only mean p-distances and a standard
clock, we find that 57% of the separations in this
species date to the Pleistocene and the remainder
(43%) to the Pliocene. This is the same percentage
derived by Avise et al. (1998) for amphibians and
reptiles in general. If we perform the same calcula-
tions for C. viridis as above but use the fish clock, we
find 29% of the separations date to the Pleistocene and
the remainder (71%) to the Pliocene. Finally, if the
slow clock is employed in our calculations, only 4%
of the separations are Pleistocene, whereas the
remainder (96%) are Pliocene.

The earliest fossil record of C. viridis is from Late
Miocene (Driftwood Creek, Hitchcock Co., Nebraska;
Brattstrom, 1967). Holman (2000) suggested, however,
that the specific identification of this fossil, as well as
the age of the site, need to be confirmed. Middle and
late Pliocene fossils of C. viridis are additionally
recorded from Kansas, but most records date from the
late Pleistocene and are recorded from California,
Colorado, Idaho, Kansas, and Nevada (Holman,
2000:231). In this sense, the C. viridis complex
appears more comparable to Song Sparrows (Zink and
Dittman, 1993), freshwater turtles (Walker and Avise,
1998), Tiger Salamanders (Shaffer and McKnight,
1996), Tassel-eared Squirrels (Lamb et al., 1997),
North American Puma (Culver et al., 2000), and other
taxa influenced primarily by the Pleistocene history of
North America. This is not to say that all speciation
events within the C. viridis complex necessarily
occurred during the Pleistocene. Much like Avise and
Walker (1998), we see speciation as an extended
temporal process rather than a point event, and we
suspect that pre-Pleistocene conditions had an active
role both in initiating and completing widespread sep-
aration of populations of the C. viridis complex.
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Although phylogeographic patterns can be revealed
within a species complex, explaining those patterns in
a cogent manner is much more difficult. Are the pat-
terns we show for C. viridis the result of clades diver-
sifying within isolated and deep-historical refugia, or
are they the result of post-Pleistocene gene flow? Is it
possible to detect directional migrations in this com-
plex? The challenge is to achieve an objective rather
than ad hoc explanations for the observed patterns.

Three biogeographic hypotheses have been for-
warded for the origins of disjunct populations of
Tassel-eared Squirrels (Sciurus aberti) in the
American southwest (Lamb et al., 1997). They are: (1)
vicariant relicts from an ancestral form widely distrib-
uted across the continuous coniferous forests of the
Pleistocene; (2) post-Pleistocene dispersal across
unsuitable non-montane habitats; and (3) early vicari-
ant events from which dispersal ensued at a later time.
Molecular evidence was consistent with the last
hypothesis and suggested an early Pleistocene vicari-
ant event followed by Quaternary dispersal in con-
junction with a documented northward range expan-
sion of Ponderosa Pine. Although it is too early in our
study to make biogeographic pronouncements (Pook
et al., 2000; but see Ashton and de Queiroz, 2001), our
molecular data suggest that Pleistocene events were
influential with regard to differentiation of taxa of the
western clade of C. viridis.

Species and Intraspecific Diversity

The formal definition of a species has been (and
will likely remain) a long-standing debate (Davis,
1996). While primarily philosophical, this debate
also has numerous pragmatic applications of which
the most important is the manner by which biolo-
gists taxonomically partition nature (Cracraft, 1997).
This question must be answered before an exact quan-
tification of biodiversity can be accomplished. Its
answer also brings into focus the general concept of
subspecies (see Introduction) and, more specifically,
how patterns of variation should be dealt with within
and among populations.

The demarcation between true species and sub-
species can be enormously vague. Huxley (1939:105),
for example, acknowledged that a subspecies
involved the following points: “(1) geographical
replacement; (2) frequently but not always partial dis-
continuity.... A subspecies is, therefore, a natural or
‘real’ taxonomic unit in the sense that it is a self-
reproducing group with a characteristic geographical

distribution, distinguished from other similar groups
by measurable character-differences which can be
determined on any reasonably-sized series. Where
genetic analysis is possible, they are interfertile with
adjacent subspecies of the same polytypic species or
Formenkreis (although not necessarily with remote
members of the same Formenkreis). This implies that
it will often be in genetic interchange with adjacent
subspecies.”

Formal concepts and definitions of species have
ramifications beyond the arcane and philosophical.
Of the numerous species concepts (reviewed in
Mayden, 1997; Howard and Berlocher, 1998), which
is most appropriate? While this question is still debated,
a general consensus is developing among biologists
that the Biological Species Concept (BSC) has limited
utility, and that an Evolutionary Species Concept
(ESP) or Phylogenetic Species Concept (PSC) better
capture the current view of species in a wide range of
taxa. Rosen (1978:175; 1979:275-278) convincingly
argued that the BSC is of little use in phylogenetic
reconstruction because its primary definer (i.e., repro-
ductive compatibility) is a plesiomorphic character
within a lineage (see Kottelat 1997:14, 17). The BSC,
therefore, has little capacity to specify relationships
within a genealogical framework. With that in mind,
various formulations of evolutionary and phylogenetic
species concepts have been proposed (Cracraft, 1983;
Donoghue, 1985; Frost and Hillis, 1990; Avise, 1994,
2000), but each emphasizes descent as prima facia
evidence rather than interbreeding or its potential
(e.g., reproductive characteristics). A phylogenetic
species (as per Cracraft, 1983) constitutes “...the
smallest diagnosable cluster of individual organisms
within which there is a parental pattern of ancestry and
descent....” with diagnosis based strictly upon one
(or more) shared-derived characters that diagnose a
monophyletic assemblage of individuals. One diffi-
culty with this rationale is the criteria by which clades
are to be recognized at microevolutionary scales.
Critics have argued that an approach promulgating
clade diagnosis on the basis of synapomorphies at one
or a few genes makes little sense, leading Avise and
Wollenberg (1997) to suggest that some fusion of the
PSC and BSC should be attempted.

It is difficult to imagine how an amalgam of the
BSC and PSC will be acceptable to a broad range of
biologists. Instead, we support the concept of phylo-
genetic species in that they are “...basal, diagnosably
distinct taxa...comprised of one or more populations
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that share a combination of characters that distinguish
them from other such units” (Cracraft, 1983). We also
support arguments by Cracraft et al. (1998:148) that
fixed differences in mtDNA can be evolutionary
markers for delineating taxa. Finally, as stated by
Cracraft et al. (1998), we recognize that the absence of
such markers cannot be taken as evidence that varia-
tion in other (unsampled) diagnostic characters does
not exist.

With regard to intraspecific taxa, recent studies
suggest that distinct, allopatric lineages are best
regarded as phylogenetic species, and that significant
diversity may be hidden by more traditional taxonomic
practices (Wilson and Brown, 1953; Frost et al., 1992;
Sites and Crandall, 1997; Parkinson et al., 2000). On
the other hand, there are indications that traditional
taxonomy, at least at the infraspecific level, has often
seriously overestimated levels of biodiversity in
numerous species. This has been the case in species of
snakes, where several studies have demonstrated
conflicts among and between nominate subspecies
(reviewed by Rodriguez-Robles and De Jesus-
Escobar, 2000). Rodriquez-Robles et al. (1999) evalu-
ated the phylogeography of the California Mountain
Kingsnake (Lampropeltis zonata) and found that the
seven currently recognized subspecies collapsed into
two large clades, one of which was divided into two
further subclades. Similarly, Rodriguez-Robles and
De Jesus-Escobar (2000) proposed that the Pituophis
melanoleucus species complex (i.e., New World bull-,
gopher-, and pinesnakes) be reduced from 15 sub-
species to three species. Finally, Burbrink et al. (2000)
found that none of the eight subspecies of the Elaphe
obsoleta complex (Eastern Ratsnake) represented a
distinct evolutionary lineage.

Biologists studying other groups of vertebrates
have found similar problems. The Leopard (Panthera
pardus), for example, is a geographically widespread
carnivore with 27 currently recognized subspecies.
Molecular analyses coupled with morphological data
suggested that it should be consolidated into eight
(30% of the total) subspecies (Miththapala et al.,
1996). In the majority of cases, newly designated
Leopard subspecies conform to recognized geographical
barriers that facilitated allopatric divergence. Similarly,
Culver et al. (2000) evaluated 32 subspecies of Puma
(Puma concolor), and recommended a reduction to
six phylogeographic groups (an 82% decrease).
Furthermore, these researchers noted that in spite of
the continent-wide distribution of the North American

subspecies, they demonstrated a marked reduction in
mtDNA and microsatellite variation. These finding
were congruent with a founder event involving a small
number of individuals that migrated northward from
South America approximately 10—12,000 years before
present (ybp), subsequent to the abrupt extinction of
large North American mammal species in the late
Pleistocene and early Holocene (Pielou, 1991:251).

The Tiger (Panthera tigris) is another large carni-
vore consisting of five extant (and at least three
extinct) subspecies determined primarily by pelage
color, body size, and distribution. One extant form is
insular (Sumatran Tiger), whereas other populations
are distributed on mainland Asia. Using mtDNA
genes, Cracraft et al. (1998) found that only the
Sumatran Tiger was diagnosably distinct. The question
was how to treat this variation in a taxonomic manner?
Researchers using the BSC previously classified P,
tigris as a single species with multiple subspecies, yet
this nomenclature does not accurately represent the
historical (and inherent) patterns of variation or the
diagnostic status of the different subspecies. Within
the framework of the BSC, a solution would be to
recognize a single species with two subspecies, but
this conclusion would be contrary to the data at hand.
Furthermore, Cracraft et al. (1998) argued that phylo-
genetic species “...cannot be subdivided into other
diagnosable units...” because they are basal or terminal
taxa. Under the PSC, subspecies are logically dispens-
able because if they were distinct they would be rec-
ognized as independent phylogenetic species. If they
were not, then they should be clustered with similar
populations within a single phylogenetic species. With
regard to P. tigris, the PSC recognizes two taxa at the
species level, P. sumatrae and P. tigris. In this sense,
the PSC is a scientific hypothesis that recognizes a
population (or group of populations) as a phylogenetic
species based on explicit data.

We are, however, acutely aware that all species
concepts have both theoretical and operational com-
plications when applied to a wide range of organisms.
As concepts change and techniques improve, conclu-
sions pertaining to recognition of species will also
change. Such hypothesis development and testing is a
normal process of science.

Implications for Conservation and Management
Just as species concepts have ramifications with

regard to systematics and biodiversity, they also

impinge at various levels on conservation biology.
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Table 3. A revised taxonomy for the Crotalus viridis complex. Standard English names follow Crother et al. (2001).

Taxon (binomial name)

Standard English name

Crotalus viridis (Rafinesque 1818)
Crotalus oreganus Holbrook 1840
Crotalus cerberus (Coues 1875)
Crotalus helleri Meek 1905
Crotalus concolor Woodbury 1929
Crotalus lutosus Klauber 1930
Crotalus abyssus Klauber 1930

Prairie Rattlesnake

Northern Pacific Rattlesnake
Arizona Black Rattlesnake
Southern Pacific Rattlesnake
Midget Faded Rattlesnake
Great Basin Rattlesnake
Grand Canyon Rattlesnake

Most obvious is the basic need to define diagnostic
limits regarding geographic patterns of variation (i.e.,
to recognize and manage the biodiversity we observe).
As in taxonomic procedures, it is imperative to identify
populations (or groups of populations) that display
independent evolutionary histories. But the overall
practicality of conservation-related issues often drives
the requirement more toward the immediate. The
question of OTU identity, for example, affects which
organisms are to be utilized in captive breeding pro-
grams of zoos, similar institutions, and game preserves
(Avise, 1994). Additionally, it directly affects which of
several dwindling populations should be protected
under the U. S. Endangered Species Act. Finally, there
is the question of OTU identity and its application to
the burgeoning trade in wildlife, whether it is with
living organisms or parts thereof (Cracraft et al.,
1998). As above, the monolithic nature of formal tax-
onomy is often viewed as an impediment to these
conservation tasks. As a result, there is a recognized
movement to avoid species-level questions and apply
a different standard to such problems, one that is
considered more relevant to conservation action.
These difficulties are most pronounced in polytypic
species, such as in C. viridis, not only due to the
potential the latter engender for a priori designation of
subspecies (as above), but also because polytypic
species often contain populations isolated as a result
of sharp habitat demarcations. These may be terrestrial
ecotones (Smith et al., 1997; Schneider et al., 1999) or
even lake-specific effects (Douglas et al., 1999b). To
add to the confusion, populations often evolve inde-
pendently from a molecular perspective but show
convergence (homoplasy) at a morphological level
(M. R. Douglas and P. Brunner, unpublished). Thus,
the rapidity of clade-identification using a molecular
approach has been wedded to the immediate demand
of conservation needs such that the concepts of evolu-
tionarily significant unit (ESU) and management unit
(MU) has now been formalized (Moritz, 1994, 1995)

following the work of Ryder (1986), Waples (1991),
and Dizon et al., (1992). As per Avise (1998:379),
ESUs are relatively deep and historical subdivisions in
populations that center on four aspects of genealogical
concordance: (1) across multiple sequence characters
within a non-recombining segment of DNA; (2)
across multiple independent loci; (3) geographically
in gene tree partitions across multiple co-distrib-
uted species; and (4) beween gene tree partitions
and traditional biogeographic evidence.

In genetic analysis, the concept underlying an MU
is as follows (Avise 2000:267): “Any population that
exchanges so few migrants with others as to be genet-
ically distinct from them, will normally be demo-
graphically independent in the present time.” MUs are
referred to as “stocks” in commercial fisheries, for
which harvesting quotas and other management plans
are directed. Mitochondrial haplotypes are especially
powerful for identifying MUs because of their typical
fourfold smaller effective population size compared to
haplotypes at nuclear autosomal loci.

Cracraft et al. (1998) correctly note that ESUs have
no taxonomic recognition, and it is the latter that is
influential within a legal framework. Furthermore,
objectives underlying the new terminology are met by
several formal species concepts, and in particular by
the PSC. This is the underlying objective that ESUs
are meant to emulate (Cracraft et al., 1998:148). The
question is why should we bother to utilize an infor-
mal taxonomic status (ESU) when a formal definition
(PSC) is available?

In the following section we utilize the above argu-
ments and the results of our molecular analyses to
address the confusion concerning the taxonomy of the
Western Rattlesnake (C. viridis).

Taxonomic Conclusions and Recommendations
We recognize seven of the nine subspecies of C.

viridis reviewed and discussed by Klauber (1972) as

phylogenetic species, and our molecular results (Fig.
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Sa) revealed two undescribed clades (L3: lutosus-like,
and Ol: oreganus-like) that will require additional
sampling and analysis before formal definition is pos-
sible. We present a formal taxonomic nomenclature of
these species in Table 3, and base our conclusions on
the following four points:

(1) The nine currently recognized subspecies of
C. viridis were originally described as species or
subspecies. Interestingly, Klauber (1972:164) was
prescient to recognize, “...some of the newer methods
of blood and venom studies may eventually indicate
that the forms which we now consider viridis subspecies
may really belong to two or more different species....”
Klauber realized that the weight of evidence differen-
tiating these organisms was considerable, and in spite
of his philosophical position at the time he understood
that future studies of a biochemical nature might result
in these forms being re-classified as species. We sug-
gest that Klauber did not complete the classification
himself because the definition of a rassenkreis, com-
plete with its expectations of intergradation among
forms, was a philosophical bridge too difficult for
him to cross.

(2) Our research (and that of others) shows that
there are two highly divergent lineages of C. viridis
that have been designated as eastern and western
groups. The eastern group of the complex should be
recognized as C. viridis. Due to low sequence diver-
gence values, C. v. nuntius should be synonymized into
C. viridis (as per Quinn, 1987, Pook et al., 2000).
Nonetheless, we will revisit this issue as we increase
sample size and analyses from varying geographic
localities. There may be, for instance, cryptic species
within the C. viridis clade (as per Figs. 5-8).

With the elevation of the eastern group to full
species status, the taxonomy of the western group
must therefore undergo its own revision. Our results
revealed that the western clade is composed of multiple,
well-defined lineages (high sequence divergence
values) that are in large part congruent with the taxo-
nomic designations presented by Klauber (1972).
Furthermore, these lineages occur in relatively dis-
crete geographic regions, and appear to show little to
no intergradation or hybridization. Thus, elevation of
the taxa abyssus, cerberus, concolor, helleri, lutosus,
and oreganus from subspecific status to full species is
warranted. Grismer (2001) argued that C. v. caliginis
should be elevated to specific status based on its insular
distribution (and thus lack of gene flow to the main-
land), but our mtDNA results and the results of others

who used different mtDNA genes (Pook et al., 2000;
Ashton and de Queiroz, 2001) show that caliginis is
not sufficiently diverged from helleri to warrant spe-
cific elevation. Based on these concordant molecular
findings, we recommend that caliginis should be rec-
ognized as an insular population of C. helleri.
Although the interrelationships of the western
group are not resolved equally by methods of analysis
used in this study (MP, ML), expansion of geographic
sampling and increased sample sizes, as well as addi-
tional use of other methods of phylogenetic recon-
struction (e.g., Bayesian; Yang and Rannala, 1997),
will likely resolve regions of the tree that are less
robust. In our analyses, for example, there is strong
support for C. cerberus as the basal-most taxon of the
western group, and those taxa with the most derived
molecular characters are C. abyssus and C. lutosus.
(3) Based on our data, we reject the taxonomic
decision made by Ashton and de Queiroz (2001) to
designate the western clade as a single species (C.
oreganus) with multiple subspecies (as presented
above and including caliginis). In their molecular
analysis of the C. viridis complex, Ashton and de
Queiroz (2001) based their taxonomic recommenda-
tions on only 25 individuals (23 localities) representing
nine clades. Many (68%) of the localities matched
those of Pook et al. (2000), and five of their samples
(~ 20%) came from two localities. Despite the fact
that sample size was small, it was sufficient to resolve
C. viridis into eastern and western clades (as per
Quinn, 1987; Pook et al., 2000), and a certain level of
resolution was attained with respect to C. v. nuntius, C.
v. viridis, as well as some members of the western
group (C. v. cerberus and C. v. concolor). Their
results, however, did not validate the taxa C. v
abyssus, C. v. caliginis, C. v. helleri, C. v. lutsosus,
and C. v. oreganus. Despite these shortcomings,
Ashton and de Queiroz (2001) provided taxonomic
recommendations for the eastern (C. viridis, with two
subspecies) and western (C. oreganus, with seven
subspecies) clades. Given that no new insights to the
phylogeny of the C. viridis complex were revealed
(see Quinn, 1987; Pook et al., 2000), we contend that
their taxonomic changes were essentially gratuitous.
(4) As already discussed, we view the PSC as
superior to the BSC and ESC. Importantly, although
the PSC and ESC both embrace ancestor-descendant
histories as important to understanding (i.e., diagnos-
ing) species, the PSC also explicitly avoids the pitfalls
of recognizing and naming subspecies (Wilson and
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Brown, 1953; Frost and Hillis, 1990; Frost et al.,
1992). Unlike the BSC and ESC, a species under the
PSC is a terminal taxon that cannot be subdivided into
other diagnosable units (Craycraft et al., 1998).
Hence, none of the species in our taxonomic arrange-
ment (Table 3) bear subspecific epithets. Nonetheless,
despite the choice of species concepts, we contend
that based on molecular, morphological, geographical,
and natural historical evidence, seven of the nine sub-
species of C. viridis are diagnosable as good species,
and thus on separate evolutionary trajectories. The
taxonomy proposed by Ashton and de Queiroz (2001)
masks what we argue is the reality of the diversity of
this group (i.e., species status). Finally, our present
mtDNA analysis of the C. viridis complex has impor-
tant ramifications that extend beyond understanding
evolutionary relationships and geographic variation.
Based on our work, past research on other aspects of
the biology of this group (e.g., venom analysis, repro-
ductive cycles, geographic distribution, morphology,
and conservation measures) will require rigorous re-
examination and reformulation of conclusions.
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Haplotype designation (= HP) for the 149 Crotalus viridis in this study, with state, county, and general location
of capture. RM = river mile (Colorado River, Grand Canyon). NM = National Monument. GCNP = Grand Canyon

National Park. NRA = National Recreation Area.

HP  Country/State County

Al USA: Arizona Coconino
Al USA: Arizona Coconino
Al USA: Arizona Coconino
Al USA: Arizona Coconino
Al USA: Arizona Coconino
Al USA: Arizona Coconino
Al USA: Arizona Coconino
Al USA: Arizona Coconino
Al USA: Arizona Coconino

General Location of Capture

Nankoweap Canyon (RM 51.7N)
Kwagunt Creek (RM 56.1N)

Espejo Creek (RM 66.7S)

Above Tanner Camp (RM 67.7N)

Hermit Creek (RM 95S)

Hermit Creek (RM 95S)

Bass Camp (RM 108N)

Indian Gardens (Bright Angel Trail), GCNP
Cardenas Creek Swamp ( RM 718S)
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Al  USA: Arizona Coconino Lava-Chuar Creek (RM 65.5N)

Al  USA: Arizona Coconino Tanner Camp (RM 68.4N)

Al  USA: Arizona Coconino Little Colorado River confluence (RM 61.5S)
Al  USA: Arizona Coconino Little Colorado River confluence (RM 61.5S)
Al  USA: Arizona Coconino Little Colorado River confluence (RM 61.5S)
Al  USA: Arizona Coconino Little Colorado River confluence (RM 61.5S)
Al  USA: Arizona Coconino 4 km above Little Colorado River confluence
Al  USA: Arizona Coconino 3 km above Little Colorado River confluence
Al  USA: Arizona Coconino 4 km above Little Colorado River confluence
Al  USA: Arizona Coconino 3 km above Little Colorado River confluence
Al  USA: Arizona Coconino Kanab Creek (RM 143.5N)

Al USA: Arizona Coconino Lava Canyon (RM 65.5N)

Al  USA: Utah Kane Hwy. 89, 3.6 km N of Arizona state line

A2  USA: Arizona Coconino Lake Powell, at Wahweap Marina

A2  USA: Arizona Coconino Carbon Creek (RM 64.1N)

A2  USA: Arizona Coconino Carbon Creek (RM 64.1N)

A2 USA: Arizona Coconini Little Colorado River confluence

A2  USA: Arizona Coconino Lake Powell at Wahweap Marina

A2 USA: Arizona Coconino Ferry Swale

A2  USA: Arizona Coconino Soap Creek (RM 11N)

Cl USA: Arizona Gila Mount Ord, Mazatzal Mountains

Cl  USA: Arizona Coconino S of Flagstaff

Cl  USA: Arizona Coconino S of Flagstaff

Cl  USA: Arizona Coconino S of Flagstaff

Cl  USA: Arizona Coconino S of Flagstaff

Cl  USA: Arizona Gila Reynold's Creek, Sierra Anchas

Cl  USA: Arizona Gila Turkey Creek, Sierra Anchas

Cl  USA: Arizona Greenlee Honeymoon, near Eagle Creek

Cl  USA: Arizona Maricopa Sycamore Creek

Cl  USA: Arizona Yavapai S of Verde River

H1  USA: California Los Angeles  Hacienda Heights

H1  USA: California Santa Barbara Sierra Madre Mountains

H1  USA: California Ventura Junction of Hwy. 33 and Lockwood Valley Road
H1 Mexico: Baja California Norte Isla Sur, Islas de los Coronados

K1  USA: Colorado Delta Escalante Canyon

K1  USA: Colorado Delta Escalante Canyon

K1  USA: Colorado Delta Escalante Canyon

K1  USA: Colorado Delta 19.2 km NW of Delta

K1  USA: Colorado Delta Escalante Canyon

K1  USA: Utah Emery Green River

K1  USA: Utah Wayne 38.4 km NNE confluence of Green and Colorado rivers
K1  USA: Utah Wayne 38.4 km NNE confluence of Green and Colorado rivers
K1  USA: Utah Wayne 38.4 km NNE confluence of Green and Colorado rivers
K1  USA: Utah Garfield Hite Marina

K1  USA: Utah Grand 18 km S of exit 173 on I-70

K1  USA: Utah San Juan 27.8 km E of Halls Crossing Marina

K1  USA: Utah Uintah Arcadia

K1  USA: Utah Wayne Route 95, 22.2 km SSE of Hanksville

K1  USA: Wyoming Sweetwater 6.2 km S Hwy. 191, E of Flaming Gorge NRA
K1  USA: Wyoming Sweetwater 6.2 km S Hwy. 191, E of Flaming Gorge NRA
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K1
K1
K1
K1
K1
K2
K2
L1
L1
L1
L1
L1
L1
L1
L1
L1
L1
L1
L1
L1
L2
L2
L3
L3
L3
L3
L3
L3
L3
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1
N1

USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:
USA:

Wyoming
Wyoming
Wyoming
Wyoming
Wyoming
Colorado
Colorado
Arizona
Arizona
Arizona
Arizona
Arizona
Arizona
Arizona
Arizona
Arizona
Arizona
Utah
Utah
Utah
Arizona
Utah
Arizona
Nevada
Nevada
Nevada
Nevada
Nevada
Utah
Arizona
Arizona
Arizona
Arizona
Arizona
Arizona
Arizona
Arizona
Arizona
Arizona
Arizona
Arizona
Arizona
Arizona
Arizona
Arizona
Arizona
Arizona
Arizona
Arizona
Arizona

Sweetwater
Sweetwater
Sweetwater
Sweetwater
Sweetwater
Mesa

Mesa
Coconino
Coconino
Coconino
Coconino
Coconino
Coconino
Coconino
Coconino
Coconino
Mohave
Iron

Iron

Utah
Coconino
Kane
Coconino
Nye

Nye

Nye

Nye

White Pine
Washington
Coconino
Coconino
Coconino
Coconino
Coconino
Coconino
Coconino
Coconino
Coconino
Coconino
Coconino
Coconino
Coconino
Coconino
Coconino
Coconino
Coconino
Coconino
Coconino
Coconino
Coconino

Hwy. 530, W of Flaming Gorge NRA
Hwy. 530, W of Flaming Gorge NRA
Sage Creek, E of Flaming Gorge NRA
Sage Creek, E of Flaming Gorge NRA
Sage Creek, E of Flaming Gorge NRA
DeBeque cut-off

DeBeque cut-off

Stone Creek (RM 132N)

Below Deer Creek (RM 136N)

Tuckup Canyon (RM 164.5N)

Jacob's Lake

Mile marker 302, E Fredonia on Hwy 89A
Kanab Creek (RM 143.5N)

Kanab Creek, 0.8 km above confluence (RM 143.5N)
2 km above confluence of Kanab Creek
Kanab Creek, 3.2 km S of junction Jump-up Canyon
6.4 km W of Fredonia on Hwy. 309

18 km W of Parowan

32 km SSE of Cedar City

Lake Mountains

South Canyon (RM 31.6N)

10 km S of Cannonville

Randy's Rock (RM 126.3 N)

25.9 km E of Hwy. 376

25.9 km E of Hwy. 376

25.9 km E of Hwy. 376

25.9 km E of Hwy. 376

16 km SSE of Lund

1.6 km S of Gunlock Reservoir

Meteor Crater Road

Meteor Crater Road

Tonalea

Tonalea

22 km E of junction Hwy. 89 and FR 545
22 km E of junction Hwy. 89 and FR 545
22 km E of junction Hwy. 89 and FR 545
22 km E of junction Hwy. 89 and FR 545
22 km E of junction Hwy. 89 and FR 545
Wupatki NM

S of Wupatki NM

20 km E of junction Hwy. 89 and FR 545
Wupatki NM

Wupatki NM

22 km E of junction Hwy. 89 and FR 545
S of Wupatki NM

Buffalo Ranch Road

Buffalo Ranch Road

Meteor Crater Road

Meteor Crater Road

Meteor Crater Road
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N1  USA: Arizona Coconino Meteor Crater Road

N1  USA: Arizona Coconino Meteor Crater Road

Ol  USA: California Fresno Foothills NE of Fresno

Ol  USA: California Kings Hwy. 198, near Hanford

Ol  USA: California Santa Cruz Loch Lomond Reservoir

Ol  USA: California Tulare Southfork Kaweah River Drainage

Ol  USA: California Tulare 4.8 km WSW of Earlimart

02  USA: Washington Grant 3.2 km S of George

Vi USA: Arizona Cochise Portal Road, 0.4 km W of New Mexico state line
V1  USA: Colorado El Paso Colorado Springs

V1  USA: Colorado Moftat 34.4 km N of Craig

V1  USA: Colorado Moftat 34.4 km N of Craig

V1  USA: Colorado Moftat 34.4 km N of Craig

V1  USA: Colorado Moftat 34.4 km N of Craig

V1  USA: Colorado Moftat 34.4 km N of Craig

V1  USA: Colorado Moftat 34.4 km N of Craig

V1  USA: New Mexico Eddy Carlsbad

V1  USA: New Mexico Eddy Carlsbad

V1  USA: New Mexico Eddy Carlsbad

V1  USA: New Mexico Eddy Roswell

V1  USA: Wyoming Carbon Sinclair

V2  USA: New Mexico Grant 19.2 km N of Hachita

V2  USA: New Mexico Valencia NM 47, 20.8 km NW of US 60

V2  USA: New Mexico Luna Florida Mountains, SSE of Deming

V3 USA: New Mexico Hidalgo No specific location

V3 USA: New Mexico Socorro Hwy. 60, 10.1 km W of FR 235

V3  USA: New Mexico Valencia 27.4 km NW of junction US 60 and NM 47
V3  USA: New Mexico Valencia 1-25,46.1 km S of 1-40

V4  USA: Colorado Montezuma Hwy. 41 0.65 km N of mile marker 3

V4  USA: Colorado Montrose Hwy. 90 near Paradox

V4  USA: Colorado San Miguel Hwy. 141, 61.4 km S of Montrose County line.
V4  USA: Colorado San Miguel Hwy. 141, 38.4 km S of Montrose County line
V4 USA: New Mexico San Juan Waterflow, E of Shiprock on Route 64

V4  USA: Utah San Juan Intersection of Hwy. 191 and road to Lisbon Valley
V4  USA: Utah San Juan Intersection of Hwy. 191 and Route 211

V4  USA: Utah San Juan Casa Colorado Rock

V4  USA: Utah San Juan 40 km S of Moab

V4  USA: Utah San Juan 40 km S of Moab

V4  USA: Utah San Juan 40 km S of Moab

V4  USA: Utah San Juan Natural Bridges NM



