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Abstract.—The Western Diamond-backed Rattlesnake (Crotalus atrox) is one of the most widespread rattlesnakes in 
North America, yet no previous study has examined geographic variation in morphology across the range of this species. 
I examined 673 museum adult specimens from throughout the geographic range of C. atrox for 37 morphological traits, 
including scale counts (meristics), morphometrics (body size measurements), and color pattern. Data were analyzed 
using multivariate principal component analyses and univariate regressions. Some scale counts exhibited clinal variation 
from east to west, including the number of ventral scales (higher numbers in the west for both sexes), the number of head 
scales before the supraoculars (higher numbers in the east for adult females), color (darker animals in the east for both 
sexes), and number of body blotches (increasing number eastward in males). Body size varied with latitude, resulting 
in larger (measured by SVL) snakes northward. The presence of larger snakes in northern latitudes follows Bergmann’s 
rule, which is consistent with some recent studies of squamates. Overall, there was no clear separation of populations 
into biogeographic regions or previously described genetic groups. In contrast to many vertebrate taxa that occur in North 
American deserts and show marked population divisions or species breaks across this same area, C. atrox appears to 
represent one continuously distributed population with clinal variation in morphology throughout its range. 

Introduction

Studies of geographic variation within species provide 
the foundation for a broader understanding of evolution, 
biogeography, ecology, conservation, biodiversity, and spe-
ciation (e.g., Gould and Johnston, 1972; Endler, 1977; Zink 
and Remsen, 1986; Coyne, 1994; Cicero, 1996; Wake and 
Jockusch, 2000). Widespread species are particularly in-
teresting to study because they generally inhabit numerous 
distinctive biogeographic, ecological, and environmental 
zones, making them good candidates for studies of specia-
tion (e.g, Endler, 1977; Zink and Remsen, 1986; Coyne, 
1994; Allsteadt, et al., 2006).

The Western Diamond-backed Rattlesnake (Crota-
lus atrox) has a widespread distribution in North America 
(Campbell and Lamar, 2004; Castoe et al., 2007) and is 
an interesting taxon for examining geographic and clinal 
variation across a large range. Crotalus atrox has one of the 
largest distributions of any rattlesnake, and probably has 
the largest range of any North American rattlesnake except 
C. oreganus/C. viridis (Pook et al., 2000; Ashton and de 
Queiroz, 2001; Douglas et al., 2002). Currently, C. atrox is 
monotypic, although the species was previously composed 
of three or more subspecies (e.g., C. atrox atrox, C. atrox 
sonoranensis, C. atrox lucasensis). These subspecies were 
synonymized or assigned to different species by Klauber 
(1930).

I used morphological characters to investigate varia-
tion across the range of C. atrox. Only a few other stud-
ies have examined morphological variation across a single 

species of rattlesnake (Murphy et al., 1994; Ashton, 2001b; 
Boback, 2003; Allsteadt et al., 2006). Geographic variation 
in the morphology and color pattern of C. atrox has been 
previously documented. Klauber (1930) and Boyer (1953) 
conducted the most extensive analyses to date on C. atrox 
morphology; Klauber (1930) compared 192 specimens 
from three different regions in North America (Oklahoma-
Texas, Arizona, Sonora), and Boyer (1953) analyzed 228 
specimens from Oklahoma. Klauber (1930) found variation 
in coloration and scale counts, with higher numbers of ven-
tral scales in Arizona specimens and darker individuals in 
Texas and Oklahoma compared to western specimens. He 
hypothesized that additional differences may remain to be 
discovered between more southerly (Mexican) and north-
erly forms, although he did not think any populations war-
ranted subspecific status.

Boyer (1953) conducted a more in-depth treatise of C. 
atrox in the Wichita Mountain Wildlife Refuge, Coman-
che County, Oklahoma. He compared his results to Klau-
ber’s (1930) study, and found populations in Oklahoma 
were most similar to Mexican specimens for various scale 
counts. From these comparisons, Boyer (1953) concluded 
that there was an east-to-west trend in scale counts in C. 
atrox, with increasing counts of dorsal, ventral, caudal, and 
infralabial scale rows in the west, along with greater vari-
ability of these traits in western populations. A few traits, 
such as number of intersupraocular scales, displayed an in-
creasing trend from south to north.

Castoe and colleagues (2007) examined the phylo-
geography and population structure of C. atrox using mi-
tochondrial DNA (ND4–the fourth subunit of NADH de-
hydrogenase; Figure 1). Genetic structure was observed 
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Figure 1. Alternative hypotheses of intraspecific relationships within the Western Diamond-backed Rattlesnake (Crotalus atrox) using mito-
chondrial gene ND4, with outgroups included. (A) Fifty percent majority rule consensus phylogram estimated using Bayesian phylogenetic 
methods. Numbers next to nodes represent posterior probability values. (B) Strict consensus of 12 equally-parsimonious trees from maximum 
parsimony analysis. Numbers next to nodes represent bootstrap support values. From Castoe et al. (2007).
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among geographic regions, including the Chihuahuan 
Desert, Sonoran Desert, Southern Plains, and Tamaulipan 
Plains. Although these populations were probably once iso-
lated in multiple Pleistocene refugia on either side of the 
continental divide, subsequent range expansions and post-
glacial population growth, especially in eastern populations 
(east of the continental divide), explains the present gene 
flow and contact between these haplotype lineages, with 
evidence for recent flow from a west-to-east direction (Cas-
toe et al., 2007). 

Many ecological and evolutionary rules (e.g., Berg-
mann’s rule, Gloger’s rule, Cope’s rule) may be relevant to 
explaining and elucidating clinal and geographic patterns 
of variation within and amongst species (Ashton, 2001a, b, 
2002; Ashton and Feldman, 2003; Burtt and Ichida, 2004). 
Bergmann’s rule may be particularly relevant in explaining 
patterns of geographic variation in C. atrox, and is defined as 
a trend within species, usually in endothermic vertebrates, 
towards large size in cooler environments (Ashton, 2001a). 
We can test the hypothesis that Bergmann’s rule applies to 
C. atrox by comparing average temperatures with body size 
or using latitude as a proxy for temperature. Recent stud-
ies have found that some reptiles (C. viridis, turtles) follow 
this trend, but others don’t (C. oreganus, other lizards and 
snakes; Ashton, 2001b; Ashton and Feldman, 2003).

The purposes of this study are to: 1) quantify geographic 
variation in C. atrox; 2) determine if morphological variation 
is structured by geographic/biogeographic regions or genetic 
groups (Castoe et al., 2007); 3) determine if patterns of vari-
ation are clinal or stepped/discrete; and 4) consider trends 
across longitude and latitude, specifically whether these pat-
terns follow Bergmann’s rule and how they compare to other 
studies of Bergmann’s rule and clinal patterns in reptiles 
(e.g., Ashton, 2001a; Ashton and Feldman, 2003). 

Materials and Methods

I examined 922 specimens from throughout the range 
of C. atrox from ten museums (AMNH, CAS, CM, KU, 
LACM, MVZ, SDNHM, UMMZ, USNM, UTA; museum 
symbolic codes follow Leviton et al., 1985) and from the 
personal collection of Travis J. LaDuc (TJL) of the Uni-
versity of Texas, Austin (Appendix I). Whenever possible, 
internal reproductive organs of all specimens were exam-
ined, or, when not possible, small mid-ventral sagittal inci-
sions (1-2 cm) were made in the tails to determine gender of 
animals, as the retracted hemipenes appear as tendon-like 
structures in males (Klauber, 1972). Adults are defined as 
animals that have evidence of previous reproduction (fe-
males have opaque oviducts, enlarged follicles, or ovula-
tion scars (corpus lutea), and males have tightly coiled and 
opaque efferent ducts, indicating the presence of sperm).

Samples were examined from throughout the range of 
C. atrox (Fig. 2), including the following regions: Sonoran 
Desert (422 specimens); Chihuahuan Desert/Trans Pecos 
area (234); the Southern Plains/Ozarks area in Texas, Okla-

homa, and Arkansas (121); and the coastal plains of Texas 
and Mexico (141; See Appendix I). Of these 922 speci-
mens, 659 were from the USA and 263 from Mexico; 444 
were adult males, 229 were adult females, and 241 were 
juveniles (both males and females). Specimens also were 
categorized into three groups based on a molecular phylo-
geography (derived from the mitochondrial gene ND4) by 
Castoe et al. (2007; Fig. 1): Western (N = 514), Eastern (N 
=351) and Central (N = 55; Fig. 2). Overall, the Western and 
Eastern groups match apparent clades from the phylogenies 
(Fig. 1), while the Central group is comprised of specimens 
from southeastern Arizona and southwestern New Mexico. 
This latter area has haplotypes from both Eastern and West-
ern clades of C. atrox (Castoe et al., 2007). Specifically, 
the Western group consists of specimens in the western 
United States, including California; Arizona west of Coch-
ise County; New Mexico west of and including Dona Ana 
County (except Hidalgo and Grant counties); western Texas 
(El Paso); and western Mexico (west of longitude 106º W), 
including the states of Durango, Chihuahua, Sinaloa, west-
ern Sonora, and islands in the Gulf of California (San Pedro 
Martir, Santa Cruz, Santa Maria, and Turner islands). An 
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Fig. 2 

 

Figure 2. Location of 915 georeferenced specimens of Crota-
lus atrox used in this study. Black crosses represent the Western 
group, white circles represent the Central group and black circles 
represent the Eastern group. Inset shows North America with the 
geographic range of C. atrox, including two isolated populations 
in Tehuantepec (Oaxaca) and Veracruz, Mexico (from Castoe et 
al., 2007; Campbell and Lamar, 2004).
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Table 1. Results of the first three component loadings for adult male 
Western Diamond-backed Rattlesnakes (Crotalus atrox) for all data, 
shown with the proportions of variance for each principal compo-
nent. Large component loadings are bold and italicized. These three 
components account for 24% of the variation in the data.

Variable PC1 PC2 PC3_____________________________________________________

Percentage of Total Variance 10.491 7.515 6.030
Eigenvalue 3.462 2.480 1.990
ROSTWIDTH 0.488 -0.368 0.248
ROSTHEIGHT 0.585 -0.295 0.119
HEADWD 0.690 -0.203 -0.383
HEADHT 0.690 -0.203 -0.383
HEADLENGTH 0.639 -0.297 0.127
TAILLENGTH 0.253 -0.381 -0.046
BASLRATLENG 0.544 -0.087 0.064
ROSTNO -0.030 0.190 0.000
INTERCAN 0.269 0.166 0.155
BEFSUPRAOC 0.281 0.534 0.267
INTERSUPRA 0.277 0.349 0.214
INTERNASL 0.290 0.155 0.044
LOREALS 0.243 0.326 0.269
PREFOVEALS 0.267 0.480 -0.075
POSTFOVLS 0.200 0.353 0.116
SUBOCULARS 0.019 0.263 0.367
POSTOC 0.111 -0.086 0.316
INTEROCULAB 0.157 0.542 -0.214
INTERRICT 0.361 0.348 -0.223
POSTOCSTRIPE 0.253 -0.044 0.127
SUPRALAB 0.131 0.261 -0.235
INFRALAB  0.100 0.276 -0.419
DORSANT 0.137 0.237 0.085
DORSPOST 0.183 0.165 -0.320
PREVENT 0.049 0.202 -0.397
VENTRALS -0.239 0.175 -0.432
RATFRING 0.372 0.041 0.022
CAUDALS 0.036 -0.036 -0.280
BODYBLOTCH 0.184 0.003 -0.277
PRENSLCONT -0.143 -0.212 -0.039
POSTNSLCONT 0.200 0.353 0.116
INFRALABDIV 0.133 -0.285 -0.136
COLOR 0.281 0.131 0.291

 

Eastern Group consists of specimens from areas of Texas 
east of El Paso (east of longitude 106º W); New Mexico 
east of and including Otero County; all of Oklahoma and 
Arkansas; and the following states in Mexico: Coahuila, 
Hidalgo, Nuevo León, Querétero, Oaxaca, San Luis Potosí, 
Tamaulipas, Veracruz, and Zacatecas (Fig. 2). The Central 
group consists of specimens from Cochise County, Arizona, 
and Hidalgo and Grant counties, New Mexico. 

All specimens were georeferenced (latitude and longi-
tude determined) based on locality information from mu-
seum records or using a Garmin GPS 12 unit in the field 
(for UTA specimens collected by the author). Quadrat maps 

at 1:250,000 scale of Mexico (1979), DeLorme Atlas and 
Gazetteers of the United States (Arkansas, Arizona, Cali-
fornia, New Mexico, Oklahoma, and Texas; 1999), and the 
Alexandria Digital Library Gazetteer Server (May 2003) 
were used to obtain latitude and longitude of collecting lo-
calities as listed in museum records. These sources all use a 
WGS84 (World Geodetic System 1984) datum.

Originally, 68 morphological characters, including 
meristic, mensural, and categorical (ordered state, dichoto-
mous, and nominal scale) were taken for each specimen. 
Appendix II contains descriptions of characters and their 
abbreviations. These traits were reduced to 37 characters, 
as many were repetitive (right and left sides were counted 
on all meristic characters) and some showed no variation 
across specimens (numbers of canthal [CANTHAL], nasal 
[NASALS], supraocular [SUPRAOC], and preocular [PRE-
OC] scales). In meristic traits with scales counts for right 
and left sides, all left counts were removed from analyses, 
except where no right counts were made, in which case left 
counts were used in place of right counts. The 37 charac-
ters used in all further analyses consisted of seven mensural 
traits, 26 meristic traits, and four categorical traits.

All specimens were analyzed in two separate groups: 
adult males (N = 444) and adult females (N = 229). Adults 
of C. atrox are known to be strongly sexually dimorphic 
(Boyer, 1957; Klauber, 1972; Beaupre et al., 1998), so 
males and females were analyzed separately. Juvenile mea-
surements were not analyzed for this study, as juvenile men-
sural characters are often highly variable (Burbrink, 2001), 
and allometry of the snakes’ measurements can change 
drastically from youth to adulthood (Beaupre et al., 1998). 
All analyses were performed in SYSTAT 8.0. All mensural 
(measurement) data were log10 transformed to linearize the 
data and reduce individual variation in size and its effect 
on the analysis (Thorpe and Leamy, 1983; Burbrink, 2001; 
Herrel et al., 2001). The transformed mensural data were 
then regressed against body size (represented by SVL) to 
account for differences in size among individuals and the 
residuals from the regressions were used in place of the 
original measurements in further analyses (Campbell and 
Smith, 2000; Burbrink, 2001; Herrel et al., 2001). I was in-
vestigating whether populations were different in the shape 
of various traits; therefore, using residuals allowed differ-
ences among mensural characters to refer only to relative 
size and shape and not to overall body size (Thorpe and 
Leamy, 1983; Sokal and Rohlf, 1995; Burbrink, 2001; Her-
rel et al., 2001). Reist (1985, 1986) found that a “univari-
ate computation of residuals provides the best estimate of 
shape of characters in ectothermic vertebrates with continu-
ous growth” (as quoted from Burbrink, 2001). Using resid-
uals for the mensural traits also standardized them against a 
mean so they could be compared to other types of traits in 
the analyses, such as meristic and ordered-state characters.

Snout-vent length was removed from all further prin-
cipal component analyses, as no residuals existed for SVL. 
Body size (as represented by SVL) was compared as a 
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univariate variable among groups. All outliers from regres-
sions were checked with original data to determine if they 
were incorrectly entered. All incorrectly entered data were 
rectified and any questionable data were removed. All data 
(categorical, meristic and mensural) were then standardized 
so they could be compared.

Principal components analysis (PCA) was chosen for 
analyzing the data because it can be used to reduce a large 
amount of data into a smaller set of composite variables 
which can then be used as a generalized phenotype in fur-
ther analyses (McGarigal et al., 2000). Because PCA is an 
unconstrained ordination method, it could find the essential 
factors responsible for patterns without taking the group 
membership of the data into account. There were no inde-
pendent or dependent variables; the analysis simple tries to 
determine the “gradients of maximum variation in the data 
set” (McGarigal et al., 2000).

Principal component analyses were originally per-
formed on all data as three non-mutually exclusive parti-
tions of traits for adult males and females separately. The 
first set of data consisted of all mensural, categorical, and 
meristic data. The second set consisted of all mensural and 
categorical data, and the third set consisted of meristic data 
alone. This followed closely the methodology of Burbrink 
(2001) and allowed individuals that were missing data in 
some traits to be included in some of the analyses examining 
regional differences. Results from PCA were similar for all 
three data partitions; therefore, only results from first data 
set using all character types will be presented hereafter.

The analysis for both adult males and females was run 
with the following 37 traits: number of rostral scales (ROS-
TNO); number of intercanthal scales (INTERCANTH); 
number of scales on the head before the supraoculars (BEF-
SUPRAOC); number of intersupraocular scales (INTER-
SUPRAOC); number of internasal scales (INTERNSLS); 
number of loreal scales (LOREALS); number of prefoveal 
scales (PREFOV); number of postfoveal scales (POST-
FOV); number of lacunal scales (LACUNAL); number of 
subocular scales (SUBOC); number of postocular scales 
(POSTOC); number of interoculabials (INTEROCULAB); 
number of interrictals (INTERRICT); number of supralabi-
al scales anterior to the rictus where postocular light stripe 
ends (POSTOCUSTRIPE); number of supralabial scales 
(SUPRALAB); number of infralabial scales (INFRALAB); 
number of gular scales (GULAR); number of mid-dorsal 
scales (DORSMID); number of anterior dorsal scales 
(DORSANT); number of posterior dorsal scales (DORS-
POST); number of preventral scales (PREVEN); number 
of ventrals (VENTRALS); number of rattle fringe scales 
(RATFRINGE); number of caudal scales (CAUDALS); 
number of body blotches (BODYBLOTCH); number of 
dark tail rings (TAILRINGS); contact between the prena-
sal scale and the first supralabial scale (PRENASLCONT); 
contact between the postnasal scale and the upper preocular 
scale (POSTNASLCONT); number of infralabials divided 
(INFRALABDIV); overall color (COLOR); height of the 

rostral scale (ROSTHT); width of the rostral scale (ROS-
TWIDTH); length of the head (HEADLENGTH); height 
of the head (HEADHT); width of the head (HEADWD); 
length of the tail (TAILLENGTH); and length of the basal 
rattle (BASLRATLENGTH; Appendix II). 

After running these analyses for males and females 
with all variables and examining the component loadings, 
all traits with principal component (PC) loading scores for 
PC 1-3 between 0.185 and –0.185 were removed from both 
analyses. This cut-off was chosen because all traits with 
component loadings in this range contributed very little to 
the analyses and showed no variability among groups. All 
traits with component loadings in this range were causing 

Table 2. Results of the first three component loadings for adult 
female Crotalus atrox for all data, shown with the proportions of 
variance for each principal component. Large component loadings 
are italicized. These three components account for 27% of the 
variation in the data.

Variable PC1 PC2 PC3_____________________________________________________

Percentage of Total Variance 11.189 8.523 7.043
Eigenvalue 3.580 2.727 2.254
ROSTWIDTH 0.266 0.304 0.297 
ROSTHEIGHT 0.303 0.343 0.524
HEADWD 0.249 0.322 0.531 
HEADHT 0.037 0.094 0.416
HEADLENGTH 0.382 0.485 0.437
TAILLENGTH -0.126 0.449 0.157
BASLRATLENG 0.164 0.283 0.262 
INTERCAN 0.326 0.195 -0.354
BEFSUPRAOC 0.690 0.162 -0.432
INTERSUPRA 0.566 0.230 -0.391
INTERNASL 0.111 0.196 -0.072
LOREALS 0.608 0.148 -0.108
PREFOVEALS 0.492 -0.053 -0.012
POSTFOVLS 0.324 -0.120 -0.070 
SUBOCULARS 0.170 0.031 -0.172
POSTOC 0.379 0.107 -0.123
INTEROCULAB 0.417 -0.336 0.046 
INTERRICT 0.470 -0.354 0.230
POSTOCSTRIPE 0.222 0.133 -0.212 
SUPRALAB 0.421 -0.184 -0.051 
INFRALAB 0.289 -0.511 0.138
DORSMID 0.236 -0.446 0.382
DORSANT 0.300 -0.378 0.179
DORSPOST 0.197 -0.288 0.316
PREVENT 0.188 -0.208 -0.060
VENTRALS 0.068 -0.641 0.111 
CAUDAL -0.092 0.271 0.051
BODYBLOTCH -0.086 -0.258 -0.188
TAILRINGS 0.284 0.013 -0.104 
POSTNSLCONT 0.568 -0.028 -0.026
INFRALABDIV -0.015 0.105 0.263
COLOR 0.115 0.315 -0.318
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more noise in the data and taking away variance from traits 
with higher component loading scores, which were contrib-
uting to differences in phenotypic variance. Traits that do 
not load significantly on any components may be eliminated 
from a study if they do not contribute to the objectives of the 
study (Hair et al., 1977; McGarigal et al., 2000). Since the 
objectives of my study were to compare variability of traits 

among regions to see if there is clinal separation, those with 
low variability were not useful in my analyses and were, 
therefore, removed. For all further analyses, LACUNAL, 
GULAR, DORSMID, and TAILRINGS were removed for 
males and ROSTNO, LACUNAL, PRENASLCONT, GU-
LAR, and RATFRINGE were removed for females. 

All PC factor scores with overall eigen values >1 were 
saved for all individuals, and these were plotted for examina-
tion, using group (Western, Eastern, Central) as a categorical 
variable. Principal component factor scores of all individu-
als were regressed against latitude and longitude, separately. 
Some univariate measurements (VENTRALS, Log (SVL), 
BEFSUPRAOC, BODYBOTCH, COLOR, TAILRINGS) 
were also regressed against latitude, longitude, and/or Log 
(SVL), to examine whether north-south or east-west clinal 
variation or correlations with body size exist.

Results

The first three component loading scores for all data 
from males (Table 1) and females (Table 2) are shown. Ta-
bles 3 and 4 provide average measurements, body size, and 
scale counts for adult males and females, respectively, for 
all three groups.

Principal component and regression analyses for adult 
males.—For males, the first three principal components ac-
counted for 24 % of the variation in the data (Table 1). The 
traits with the largest component loadings in PC 1 for males 
were primarily mensural characters (Fig. 3A-B). This is 
very common in morphological analyses using ordination 
where differences in size have been accounted for, as much 
of the variance is often contained in these continuous mea-
surements of size (Lestrel, 2000; Burbrink, 2001). Large 
loadings on PC 1 included BSLRATLENGTH, HEADHT, 
HEADWD, ROSTHT, ROSTWIDTH, and RATFRINGE, 
which are all positively correlated with each other and with 
PC 1. Principal component 2 had a number of large load-
ing scores and most of these were scale counts, such as 
BEFSUPROC, INTEROCULAB, and PREFOV (Table 1). 
These were all positively correlated with each other and PC 
2, whereas some mensural traits, such as TAILLENGTH, 
ROSTWIDTH, and ROSTHT, were negatively correlated 
with PC 2. Thus, as PC 2 gets larger, numbers of scales on 
the dorsal and lateral surfaces of the head increase and some 
mensural traits decrease. Plots of PC 1 and PC 2 (Fig. 3A) 
and PC 1 and PC 3 (Fig. 3B) did not show any clear separa-
tion of the three groups. The Eastern group appeared to be 
more spread out on the PC 1 axis and all of the variation of 
the Western and Central groups was contained within the 
dispersal of the Eastern group.

When comparing the plot of PC 2 and PC 3 (Fig. 3C) 
to the plots of PC 1 and PC 3 (Fig. 3B) and PC 1 and PC 2 
(Fig. 3A), more differentiation between groups was obvious 
along the PC 3 axis. Principal component 3 separated the 
Eastern and Western groups more (Fig. 3B-C) than PC 1 or 
PC 2. The primary traits that contributed to PC 3 were VEN-

 

 

 

 







Figure 3. Multivariate plots of adult male data showing first three 
principal component axes. Specimens are shown by geographic 
location: Western group (+), Central group (X), and Eastern group 
(•). (A) Plot of first two principal component (PC) scores separat-
ed by group. (B) Plot of PC 3 and PC 1 scores separated by group. 
(C) Plot of PC 3 and PC 2 scores separated by group.
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TRALS, INFRALAB, DORSPOST, BODYBLOTCH, and 
PREVEN (Table 1), which were negatively correlated with 
PC 3. Traits ROSTWIDTH, POSTOC, and SUBOC had the 
largest component loadings that were positively correlated 
with PC 3. When PC 3 was regressed against latitude and 
longitude, some clinal variation was apparent (Fig. 4A-B). 
The PC 3 factor scores decreased with increasing latitude 
northward (Fig. 4A; R2 = 0.082, F1,293 = 26.19, P < 0.0001), 
and there was a correlation of higher PC 3 factor scores with 
decreasing longitude (Fig. 4B; R2 = 0.234, F1,293 = 89.47, P 
< 0.0001). VENTRALS had the highest component loading 
score for PC 3 (Table 1). When numbers of ventral scales 
were regressed against longitude (Fig. 4C; R2 = 0.099, F1,430 
= 47.15, P < 0.0001), the number of ventral scales decreased 
from west to east. In contrast, snout-vent length for males 
seemed to show no clinal pattern with longitude, with a 
slope that was not significantly different from zero (figure 
not shown; R2 = 0.004, F1,431 = 1.78, P = 0.183.). When log 
(SVL) was regressed against latitude for adult males, there 
was a positive correlation, with body size increasing north-
ward (Fig. 4D; R2 = 0.041, F1,431 = 18.486, P < 0.0001). 

Principal component and regression analyses for adult 
females.—The PCAs for adult females were slightly dif-
ferent than those for adult males (Fig. 5), as there appeared 
to be much more variation in meristic traits contributing to 
variation of PC 1 (Table 2). One common feature between 
males and females was that the amount of variation in the 
Eastern group encompassed the variation in the other two 
groups in the PC plots (Fig. 5A-C).

The traits with the highest loadings for PC 1 were 
BEFSUPRAOC (number of scales before supraoculars, 
equivalent to the number of scales on the dorsal surface of 
the head), INTERSUPRAOC, LOREALS, PREFOV, IN-
TERRICT, and SUPRALAB. Therefore, numbers of scales 
on the top and sides of the head are important and vari-
able across individual adult females. CAUDALS, BODY-
BLOTCH, and INFRALABDIV (a dichotomous categorical 
variable designating whether first infralabials are divided) 
were negatively correlated with PC 1. 

The plots of PC 1 and PC 2 (Fig. 5A), PC 1 and PC 
3 (Fig. 5B), and PC 2 and PC 3 (Fig. 5C) for adult fe-
males suggested that PC 2 was the separating factor across 
Eastern, Western, and Central groups. For PC 1, the larg-
est component loading scores were traits that determined 
dorsal and lateral head scale counts. For PC 2, the traits 
with the largest component loading scores were numbers of 
body scales (VENTRALS, INFRALAB, and DORSMID; 
Table 2). These three traits were negatively correlated with 
PC 2 and other mensural factors, such as ROSTHT, ROS-
TWIDTH, HEADLENGTH, and TAILLENGTH, which 
were positively correlated with PC 2. Thus, numbers of 
ventral scales in females were negatively correlated with 
body size factors (tail length, head length, etc.) 

When number of ventral scales (VENTRALS; Fig. 6A; 
R2 = 0.102, F1,222 = 23.35, P < 0.0001) and number of scales 
before supraoculars (BEFSUPRAOC; Fig. 6B; R2 = 0.124, 

Figure 4. Relationship between various factors and latitude and 
longitude for adult males. (A) Regression of PC 3 scores vs. lati-
tude: R2 = 0.082, F1,293 = 26.19, P < 0.0001. (B) Regression of 
PC 3 scores vs. longitude: R2 = 0.234, F1,293 = 89.47, P < 0.0001. 
(C) Regression of numbers of ventral scales vs. longitude: R2 = 
0.099, F1,430 = 47.15, P < 0.0001. (D) Regression of log (snout-
vent length) vs. latitude: R2 = 0.041, F1,431 = 18.49, P < 0.0001.
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Table 3. Average scale counts, body size, and measurements for adult male Crotalus atrox from Western, Central, and Eastern groups (see 
Methods for group localities). Number of specimens (N), mean ± 1 SD of each character, and range of character values are reported for 
each group.

 
 Variable Western Central Eastern_______________________________________________________________________________________________________________

ROSTWIDTH N 240 49 137
 Mean ± SD 4.26 ± 0.67 4.40 ± 0.76 4.57 ± 0.94
 Range 2.40-6.90 3.30-6.96 2.60-8.30
ROSTHEIGHT N 240 49 137
 Mean ± SD 4.88 ± 0.81 4.96 ± 0.88 5.03 ± 1.03
 Range 2.35-7.30 3.40-7.40 3.15-8.60
HEADWD N 220 45 132
 Mean ± SD 27.62 ± 5.62 27.24 ± 6.29 28.95 ± 7.19
 Range 16.10-45.50 18.70-45.65 14.95-54.40
HEADHT N 211 46 123
 Mean ± SD 13.22 ± 2.74 13.50 ± 3.25 13.63 ± 3.60
 Range 7.80-24.50 8.45-22.25 7.20-24.20
HEADLENGTH N 232 47 136
 Mean ± SD 38.72 ± 6.22 39.19 ± 7.38 40.89 ± 9.03
 Range 24.65-59.95 25.80-55.95 22.15-67.40
TAILLENGTH N 244 49 140
 Mean ± SD 70.57 ± 15.19 71.32 ± 15.58 73.50 ± 20.66
 Range 33-128 40.00-102.50 32.00-143.00
BASLRATLENG N 235 46 133
 Mean ± SD 13.81 ± 2.07 13.55 ± 2.36 14.15 ± 2.70
 Range 7.65-20.10 9.40-19.80 7.45-21.60
SVL N  244 50 143
 Mean ± SD 879.95 ± 171.93 881.38 ± 203.66 904.10 ± 229.41
 Range 446.00-1474.00 511.00-1380.00 457.00-1601.00
ROSTNO N 245 49 141
 Mean ± SD 1.01 ± 0.09 1.00 ± 0 1.01 ± 0.08
 Range 1-2 1 1-2
CANTHAL N 245 49 141
 Mean ± SD 2.00 ± 0 2.00 ± 0 2.00 ± 0
 Range 2 2 2
INTERCAN N 245 49 140
 Mean ± SD 2.55 ± 0.74 2.71 ± 0.74 2.59 ± 0.94
 Range 1-5 2-4 1-9
SUPRAOC N 245 49 141
 Mean ± SD 1.00 ± 0 1.00 ± 0 1.00 ± 0
 Range 1 1 1
BEFSUPRAOC N 243 48 140
 Mean ± SD 17.23 ± 4.10 17.94 ± 3.94 18.87 ± 4.39
 Range 7-32 9-28 8-31
INTERSUPRA N 244 48 140
 Mean ± SD 4.81 ± 1.03 4.69 ± 0.88 5.014 ± 1.13
 Range 3-7 3-6 2-8
NASALS N 245 49 141
 Mean ± SD 2.00 ± 0 2.02 ± 0.143 2.01 ± 0.08
 Range 2 2-3 2-3
INTERNASL N 245 49 141
 Mean ± SD 0.96 ± 0.22 1.00 ± 0 1.00 ± 0
 Range 0-2 1 1
LOREALS N 243 48 140
 Mean ± SD 1.09 ± 0.42 1.23 ± 0.43 1.26 ± 0.51
 Range 0-2 1-2 0-3
PREFOVEALS N 242 47 140
 Mean ± SD 7.04 ± 1.75 7.34 ± 1.46 6.79 ± 1.66
 Range 2-13 4-10 3-11
POSTFOVLS N 240 47 140
 Mean ± SD 4.26 ± 0.88 4.55 ± 1.00 4.31 ± 0.88
 Range 2-8 2-7 3-8
LACUNALS N 240 47 140
 Mean ± SD 2.01 ± 0.14 2.02 ± 0.15 2.02 ± 0.15
 Range 1-3 2-3 2-3
PREOCULARS N 241 48 141
 Mean ± SD 2.00 ± 0.06 2.02 ± 0.14 2.00 ± 0
 Range 2-3 2-3 2
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SUBOCULARS N 241 49 141
 Mean ± SD 3.17 ± 0.46 3.31 ± 0.65 3.44 ± 0.59
 Range 2-4 2-5 2-5
POSTOC N 242 48 140
 Mean ± SD 2.42 ± 0.57 2.56 ± 0.65 2.63 ± 0.57
 Range 1-4 2-5 2-4
INTEROCULAB N 242 48 140
 Mean ± SD 2.34 ± 0.50 2.23 ± 0.47 2.44 ± 0.58
 Range 1-4 1-3 1-4
INTERRICT N 232 44 133
 Mean ± SD 29.72 ± 2.46 28.77 ± 1.83 29.57 ± 2.07
 Range 22-40 23-32 23-36
POSTOCSTRIPE N 205 41 130
 Mean ± SD 1.12 ± 0.52 1.32 ± 0.61 1.57 ± 0.68
 Range 0-4 0-2 0-3
SUPRALAB N 238 49 143
 Mean ± SD 15.19 ± 1.00 15.37 ± 0.81 15.36 ± 1.07
 Range 13-18 14-18 13-19
INFRALAB N 239 48 141
 Mean ± SD 16.66 ± 1.11 16.33 ± 1.04 1.23 ± 0.43
 Range 11-19 13-18 1-2
GULARS N 243 49 141
 Mean ± SD 6.72 ± 1.14 6.55 ± 0.96 6.60 ± 1.04
 Range 4-13 4-10 4-9
DORSMID N 245 49 142
 Mean ± SD 25.31 ± 1.22 24.80 ± 1.19 25.06 ± 1.20
 Range 21-32 22-28 21-29
DORSANT N 246 49 141
 Mean ± SD 28.41 ± 2.80 27.92 ± 2.61 29.50 ± 3.25
 Range 22-41 23-35 21-41  
DORSPOST N 246 49 142
 Mean ± SD 20.69 ± 1.53 20.33 ± 1.30 20.50 ± 1.83
 Range 15-30 17-23 15-31
PREVENT N 248 49 141
 Mean ± SD 3.69 ± 1.03 3.31 ± 0.92 3.44 ± 0.90
 Range 1-8 1-5 1-6
VENTRALS N 245 49 142
 Mean ± SD 178.36 ± 6.31 175.04 ± 3.90 174.84 ± 5.76
 Range 158-196 164-184 144-195
RATFRING N 239 48 138
 Mean ± SD 12.63 ± 1.41 12.71 ± 1.18 12.62 ± 1.35
 Range 10-18 11-16 10-17
CAUDALS N 247 48 140
 Mean ± SD 24.22 ± 2.43 24.17 ± 1.71 24.35 ± 2.20
 Range 10-29 21-29 16-29
BODYBLOTCH N 244 45 139
 Mean ± SD 34.55 ± 3.16 33.93 ± 3.37 33.78 ± 2.60
 Range 16-43 25-43 25-40
TAILRINGS N 247 49 140
 Mean ± SD 4.74 ± 0.84 4.45 ± 0.87 4.91 ± 0.98
 Range 3-7 2-6 3-7
RATTLENO N 244 46 135
 Mean ± SD 7.05 ± 3.13 6.30 ± 2.96 6.87 ± 2.37
 Range  0-28 1-13 2-13
PRENSLCONT N 242 48 141
 Mean ± SD 1.87 ± 0.34 1.90 ± 0.31 1.91 ± 0.84
 Range 1-2 1-2 1-2
POSTNSLCONT N 242 48 140
 Mean ± SD 1.26 ± 0.68 1.34 ± 0.64 1.55 ± 0.84
 Range 1-5 1-4 1-5
INFRALABDIV N 241 48 141
 Mean ± SD 1.39 ± 0.49 1.38 ± 0.49 1.23 ± 0.43
 Range 1-2 1-2 1-2
COLOR N 244 49 142
 Mean ± SD 2.01 ± 0.60 1.94 ± 0.63 2.39 ± 0.66
 Range 1-3 1-3 1-3
BUTPRES N 245 47 136
 Mean ± SD 1.25 ± 0.44 1.36 ± 1.07 1.40 ± 0.49
 Range 1-2 1-2 1-2
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F1,219 = 30.94, P < 0.0001) were regressed against longi-
tude, an interesting clinal pattern was apparent for females. 
Number of ventral scales in females (Fig. 6A) decreased 
eastward, as in males (Fig. 4C), whereas number of scales 
before supraoculars (a possible analog to head size if scale 
size is fixed) increased eastward (Fig. 6B). These two traits 

(VENTRALS, BEFSUPRAOC) appeared to be negatively 
correlated with each other (Table 2). 

Body size (log (SVL)) did not significantly correlate 
with longitude (Fig. 6C; R2 = 0.004, F1,224 = 0.91, P = 
0.341). But, as seen in males, there was a significant regres-
sion of female body size (log (SVL)) against latitude, with 
a slight increase in body size northward (R2 = 0.022, F1,223 
= 4.95, P = 0.027). Finally, the largest component loading 
score for PC 1 was BEFSUPRAOC, and PC 1 increased 
eastward (Fig. 6D; R2 = 0.108, F1,175 = 21.18, P < 0.001), 
just as BEFSUPRAOC did (Fig. 6B).

Principal component 2, which was negatively correlat-
ed with number of ventral scales, increased eastward (Fig. 
7A; R2 = 0.180, F1,175 = 38.29, P < 0.0001). Plots of PC 1 
(Fig. 6D) and PC 2 (Fig. 7A) accounted for more variation 
(11% and 18%, respectively) regressed against longitude 
than the univariate traits alone (VENTRALS, SVL, and 
BEFSUPRAOC; Fig. 6A-C).

Principal component 2 decreased with increasing lati-
tude (Fig. 7B; R2 = 0.083, F1,175 = 15.90, P < 0.0001). Thus, 
PC 2, which was negatively correlated with number of ven-
tral scales and positively correlated with many mensural 
traits, decreased northward for adult females. This slope of 
the regression for PC 2 vs. latitude accounted for only 8% 
of the variation in values, whereas the slope of PC 2 vs. lon-
gitude accounted for 18%. Therefore, longitude accounts 
for more variation in these traits.

Color pattern trends for males and females.—Color 
pattern (in terms of COLOR, BODYBLOTCH, and TAIL-
RINGS) showed some variation across males and females 
(Tables 3-4). In males, COLOR (from light to medium to 
dark) increased significantly with body size (log (SVL); R2 
= 0.020, F1,427 = 8.56, P = 0.0036). Thus, males were darker 
with larger body sizes (Table 3). Body size slightly increased 
northward in males (Fig. 4D; R2 = 0.041, F1,431 = 18.49, P 
< 0.0001), but COLOR did not significantly increase with 
latitude (R2 = 0.0041, F1,427 = 1.78, P = 0.183) in males. 
Instead, COLOR in males was significantly correlated with 
longitude (R2 = 0.087, F1,427 = 40.88, P < 0.0001). 

Females showed a similar color pattern variation to 
males, with COLOR positively correlated with body size 
(so females are darker in color when they are larger; R2 = 
0.049, F1,221 = 11.36, P = 0.0009). Body size in females also 
significantly increased northward (R2 = 0.022, F1,223 = 4.95, 
P = 0.0272). COLOR did not significantly correlate with 
latitude (R2 = 0.003, F1,221 = 0.68, P = 0.412), but signifi-
cantly increased eastward, as in males (R2 = 0.112, F1,221 = 
27.99, P < 0.0001).

Number of body blotches in males decreased signifi-
cantly eastward (as longitude increased; R2 = 0.015, F1,420 = 
6.30, P = 0.0125), but this relationship was not significant 
in females (R2 = 0.010, F1,221 = 3.37, P = 0.0675). Likewise, 
there was not a significant relationship between male num-
ber of body blotches or female number of body blotches 
and latitude (male: R2 = 0.009, F1,420 = 3.67, P = 0.057; 
female: R2 = 0.007, F1,221 = 1.59, P = 0.209).

Figure 5. Multivariate plots of adult female data showing first three 
principal component axes. Specimens are shown by geographic 
location: Western group (+), Central group (X), and Eastern group 
(•). (A) Plot of first two principal component (PC) scores separat-
ed by group. (B) Plot of PC 3 and PC 1 scores separated by group. 
(C) Plot of PC 3 and PC 2 scores separated by group.
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Previously, number of tail rings were removed from the 
analysis after the first PC was run for males, as this trait 
exhibited very little variation among individuals. Following 
this pattern, number of tail rings had no significant correla-
tion with longitude in males (R2 = 0.008, F1,428 = 3.24, P = 
0.072) or females (R2 = 0.013, F1,221 = 2.83, P = 0.094), and 
this trait showed little geographic variation, with ranges for 
males from 3-7 (average 4.45-4.91) and females from 2-9 
(average 3.57-4.00) throughout their range (Table 3-4).

Discussion

Clinal patterns in meristic characters.—Many verte-
brates in North America exhibit splits in their distribution 
patterns, resulting in distinct eastern and western popula-
tions or sister species, such as Cyprinodon fishes (Minckley 
et al., 1986), the Yellow Mud Turtle (Kinosternon flave-
scens; Serb et al., 2001), horned lizards (Phrynosoma spp.; 
Reeder and Montanucci, 2001), many colubrid snake spe-
cies (Stebbins, 1985), the Lyre Snake (Trimorphodon biscu-
tatus; LaDuc and Johnson, 2003), the Western Rattlesnake 
(C. oreganus/C. viridis; Ashton and de Queiroz, 2001), the 
scaled quail complex (Callipepla spp.; Zink and Blackwell, 
1998), and pocket mice (Perognathus and Chaetodipus 
spp.; Riddle, 1995). In the western part of North America, 
east and west regions are separated by the Continental Di-
vide, and this geological feature may represent a substantial 
barrier to gene flow (Morafka, 1977).

Morafka’s vicariant model of North American deserts 
(1977) states that eastern and western populations of many 
herpetofaunal species should form two groups, with sepa-
ration between Chihuahuan and Sonoran Desert. Crotalus 
atrox displays this pattern in its intraspecific molecular phy-
logeny (Castoe et al. 2007), although this is less clear in 
morphological differences among groups. 

Crotalus atrox exhibits clinal geographic variation in 
some scale counts along an east/west continuum. Pfrender 
et al. (1998) stated that reptiles with large ranges, especially 
snakes and turtles, often show an east-to-west orientation, 
instead of north-to-south. They hypothesized that the dura-
tion of winter may be the limiting factor in keeping taxa 
with large ranges from dispersing northward (Pfrender et 
al., 1998). As C. atrox is a species with a very large range 
that shows east-to-west variation, temperature and length of 
winter may be limiting its range size also.

Factors that are important in separating out clinal varia-
tion in C. atrox are meristic values, especially number of ven-
tral scales or segmental counts. Western C. atrox have higher 
ventral and caudal counts for males than eastern snakes. This 
conclusion fits the original observation by Klauber (1930) that 
C. atrox in Arizona had the highest numbers of ventral scales 
compared to Oklahoma, Texas, and Sonora, Mexico popula-
tions. Boyer (1953) also concluded that there was an east-
to-west trend in scale number variation, with greater ventral, 
dorsal, caudal, and infralabial scale numbers in the west when 
comparing his Oklahoma snakes to Klauber’s 1930 results.

Figure 6. Relationship between various factors and longitude for 
adult females. (A) Regression of number of ventral scales vs. lon-
gitude: R2 = 0.102, F1,222 = 23.35, P < 0.0001. (B) Regression of 
BEFSUPRAOC (Scales before supraoculars) vs. longitude: R2 = 
0.124, F1,219 = 30.94, P < 0.0001. (C) Plot of log 10 (SVL) vs. lon-
gitude: R2 = 0.004, F1,224 = 0.91, P = 0.341. (D) Regression of PC 
1 vs. longitude: R2 = 0.108, F1,175 = 21.18, P < 0.001.
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Table 4. Average scale counts, body size, and measurements for adult female Crotalus atrox from Western, Central, and Eastern groups 
(see Methods for group localities). Number of specimens (N), mean ± 1 SD of each character, and range of character values are reported 
for each group.

 
 Variable Western Central Eastern _______________________________________________________________________________________________________________

ROSTWIDTH N 140 9 69
 Mean ± SD 3.98 ± 0.53 4.02 ± 0.74 4.07 ± 0.76
 Range 2.90-5.40 3.10-5.60 2.65-6.80
ROSTHEIGHT N 140 9 69
 Mean ± SD 4.40 ± 0.60 4.58 ± 0.67 4.52 ± 0.93
 Range 2.90-6.30 4.00-6.20 2.75-7.00
HEADWD N 134 9 67
 Mean ± SD 24.92 ± 4.30 26.15 ± 6.10 25.89 ± 6.68
 Range 16.20-37.50 19.25-35.65 16.10-45.80
HEADHT N 129 8 67
 Mean ± SD 12.11 ± 2.17 12.59 ± 1.91 11.93 ± 3.43
 Range 7.40-18.80 9.10-15.30 6.35-21.20
HEADLENGTH N 136 9 68
 Mean ± SD 34.91 ± 4.51 37.84 ± 5.48 36.85 ± 8.27
 Range 22.40-47.60 28.00-47.70 22.50-62.20
TAILLENGTH N 143 10 72
 Mean ± SD 49.94 ± 8.49 53.30 ± 11.14 48.74 ± 11.27
 Range 28-82 41-76 27-84
BASLRATLENG N 138 9 71
 Mean ± SD 12.58 ± 1.71 13.38 ± 1.25 12.69 ± 2.51
 Range 6.55-16.75 11.40-15.80 6.80-19.70
SVL N  142 11 74
 Mean ± SD 797.58 ± 124.17 845.36 ± 125.87 801.58 ± 217.06
 Range 462.00-1120.00 583.00-1028.00 416.00-1546.00
ROSTNO N 143 9 72
 Mean ± SD 1.00 ± 0 1.11 ± 0.33 1.00 ± 0
 Range 1 1-2 1
CANTHAL N 143 9 72
 Mean ± SD 2.00 ± 0 2.00 ± 0 2.00 ± 0
 Range 2 2 2
INTERCAN N 143 9 71
 Mean ± SD 2.47 ± 0.75 2.57 ± 0.53 2.87 ± 0.89
 Range 1-6 2-3 1-5
SUPRAOC N 143 9 71
 Mean ± SD 1.00 ± 0 1.00 ± 0 1.00 ± 0
 Range 0 0 1
BEFSUPRAOC N 142 9 71
 Mean ± SD 17.22 ± 3.64 18.00 ± 2.18 20.61 ± 4.52
 Range 7-28 16-23 6-30
INTERSUPRA N 141 9 71
 Mean ± SD 4.33 ± 1.01 4.33 ± 0.87 5.06 ± 1.03
 Range 0-7 3-6 3-7
NASALS N 142 9 70
 Mean ± SD 2.01 ± 0.08 2.00 ± 0 2.00 ± 0
 Range 2-3 2 2 
INTERNASL N 142 9 71
 Mean ± SD 0.95 ± 0.22 1.00 ± 0 2.00 ± 0
 Range 0-1 1 2
LOREALS N 139 9 71
 Mean ± SD 1.27 ± 0.51 1.11 ± 0.78 1.47 ± 0.63
 Range 0-3 0-2 0-3
PREFOVEALS N 139 9 71
 Mean ± SD 7.07 ± 1.71 7.33 ± 1.94 7.31 ± 1.58
 Range 1-13 5-11 4-12
POSTFOVLS N 138 9 70
 Mean ± SD 4.51 ± 0.92 5.11 ± 1.97 4.14 ± 1.03
 Range 2-8 4-10 3-9
LACUNALS N 138 9 70
 Mean ± SD 2.03 ± 0.21 2.00 ± 0 2.00 ± 0.17
 Range 2-4 2 1-3
PREOCULARS N 138 9 70
 Mean ± SD 2.00 ± 0 2.00 ± 0 2.00 ± 0
 Range 2 2 2
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SUBOCULARS N 138 9 70
 Mean ± SD 3.16 ± 0.50 3.33 ± 0.71 3.39 ± 0.60
 Range 2-4 2-4 2-5
POSTOC N 138 9 70
 Mean ± SD 2.38 ± 0.53 2.11 ± 0.33 2.77 ± 0.66
 Range 1-3 2-3 2-6
INTEROCULAB N 138 9 70
 Mean ± SD 2.37 ± 0.53 2.33 ± 0.50 2.57 ± 0.55
 Range 1-4 2-3 2-4
INTERRICT N 135 9 69
 Mean ± SD 28.61 ± 2.33 27.22 ± 1.72 29.33 ± 2.27
 Range 20-35 24-30 25-34
POSTOCSTRIPE N 126 9 65
 Mean ± SD 1.20 ± 0.62 1.22 ± 0.67 1.62 ± 0.63
 Range 0-3 0-2 0-3
SUPRALAB N 140 9 70
 Mean ± SD 15.25 ± 0.85 15.44 ± 0.73 15.53 ± 1.11
 Range 13-17 14-16 13-19
INFRALAB N 140 9 70
 Mean ± SD 16.54 ± 1.16 16.00 ± 1.12 16.30 ± 1.05
 Range 14-20 14-18 13-19
GULARS N 141 9 71
 Mean ± SD 6.79 ± 1.11 7.11 ± 0.93 6.58 ± 0.94
 Range 3-10 6-9 4-8
DORSMID N 144 9 73
 Mean ± SD 24.88 ± 1.29 23.78 ± 0.97 24.75 ± 0.93
 Range 21-28 23-25 23-27
DORSANT N 144 9 73
 Mean ± SD 28.19 ± 2.89 27.11 ± 1.17 28.50 ± 2.90
 Range 20-38 25-29 23-36
DORSPOST N 144 9 72
 Mean ± SD 20.56 ± 1.27 19.67 ± 1.23 20.19 ± 1.47
 Range 17-24 18-21 16-24
PREVENT N 144 9 73
 Mean ± SD 3.61 ± 0.95 3.33 ± 0.71 3.58 ± 0.90
 Range 1-6 2-4 2-6
VENTRALS N 143 9 73
 Mean ± SD 181.24 ± 6.86 177.44 ± 3.25 178.77 ± 4.88
 Range 145-200 173-181 165-188
RATFRING N 139 8 71
 Mean ± SD 12.76 ± 1.87 12.25 ± 0.89 12.56 ± 1.53
 Range 10-22 11-13 10-21
CAUDALS N 143 9 72
 Mean ± SD 19.15 ± 1.85 19.00 ± 2.60 12.56 ± 1.53
 Range 12-27 17-25 14-26
BODYBLOTCH N 142 9 73
 Mean ± SD 34.09 ± 3.14 34.22 ± 2.77 33.88 ± 2.68
 Range 23-46 28-37 29-43
TAILRINGS N 143 9 72
 Mean ± SD 3.75 ± 0.76 3.57 ± 0.88 4.00 ± 1.09
 Range 2-6 2-5 2-9
RATTLENO N 144 9 72
 Mean ± SD 6.72 ± 2.69 7.22 ± 2.22 6.38 ± 2.42
 Range  1-13 3-10 1-13
PRENSLCONT N 139 9 69
 Mean ± SD 1.76 ± 0.43 1.78 ± 0.44 1.84 ± 0.37
 Range 1-2 1-2 1-2
POSTNSLCONT N 139 9 70
 Mean ± SD 1.39 ± 0.65 1.22 ± 0.67 1.54 ± 0.65
 Range 1-4 0-2 1-4
INFRALABDIV N 138 9 71
 Mean ± SD 1.38 ± 0.49 1.33 ± 0.50 1.21 ± 0.41
 Range 1-2 1-2 1-2
COLOR N 143 9 73
 Mean ± SD 2.04 ± 0.60 1.89 ± 0.33 2.47 ± 0.65
 Range 1-3 1-2 1-3
BUTPRES N 144 9 72
 Mean ± SD 1.31 ± 0.47 1.00 ± 0 1.49 ± 0.50
 Range 1-2 1 1-2
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Klauber (1941) found a similar east-west pattern of 
ventral scale variation in 11 species of southern California 
snakes, as did Cross (1979). These species included Arizona 
elegans, Chionactis occipitalis, Crotalus ruber, Hypsiglena 
ochrorhynchus, Lampropeltis getula, Leptotyphlops humi-
lis, Pituophis catenifer, Salvadora grahamiae, Rhinocheilus 
lecontei, Tantilla eiseni, and Trimorphodon vandenburghi. 
These snakes inhabited both coastal and desert zones, and 
numbers of ventral scales (which correspond to vertebral 
number) were significantly higher in all desert populations, 
which are east of the coastal areas. Both authors thought 
that higher numbers of ventral scales were correlated with a 
snake’s ability to move on sand.

Crotalus atrox in southeastern California, southwest-
ern Nevada, and northwestern Arizona has higher numbers 
of ventral scales compared to other regions, with the high-
est being 200 scales (see average values in Tables 3 and 4). 
This is the driest and hottest part of the range of C. atrox, 

where it intersects with the western shore of the Colorado 
River and into Joshua Tree National Park. Substrate and 
temperatures could affect the ventral counts, as it appears 
to have done in the other aforementioned snakes (Klauber, 
1941; Cross, 1979).

Higher vertebral numbers (corresponding to number of 
ventral scales) in the western part of the range of C. atrox 
may be related to selection on movement over sandy soil 
compared to the rocky or vegetation-covered soil of their 
more eastern counterparts. Shine (2000) proposed a number 
of selection advantages to having higher vertebral numbers, 
including natural selection resulting in increased crawling 
speed, selection in females for larger size to allow higher fe-
cundity, and sexual selection acting on males to have large 
trunk sizes. Kelley et al. (1997) found that Thamnophis el-
egans coastal populations had lower vertebral numbers vs. 
inland populations and that those with lower body vertebral 
numbers moved faster in habitats with more vegetation or 
rocks (call “push-points” in their study). They also found 
that snakes with more vertebrae are more flexible and could 
achieve greater lateral bending than snakes with fewer ver-
tebrae (Kelley et al., 1997), which supports the idea that 
higher vertebral numbers in C. atrox may benefit moving 
on sandy soil with fewer “push-points.”

Among group versus within group variation of trait.—A 
common feature throughout the analyses is that the amount 
of variation in the Eastern group seems to encompasses the 
variation in the other two groups, as seen in the principal com-
ponents analyses (Figs. 3 and 5). Allsteadt et al. (2006) found 
similar variation in Crotalus horridus, which previously had 
been split into a number of subspecies. All groups (southern, 
northern and western) exhibited extensive overlap in patterns 
of coloration and in the canonical analysis of meristic data. 
Thus, Allsteadt et al. (2006) concluded that the intergrada-
tion and variation seen were so great, with strong clinal vari-
ation, that C. horridus must represent a single widespread 
species. Crotalus atrox displays similar clinal variation with 
overlapping variation among groups, and is also considered a 
single, widespread species. Castoe et al.’s (2007) results sug-
gest that there has been recent expansion from west to east, 
which could explain the overlap of the Eastern group of C. 
atrox with the Western and Central groups. Thus, the eastern 
population could contain a large amount of recent influx of 
variation from the western populations.

Morphometrics, body size variation, and Bergmann’s 
rule.—In general, mensural characters (or shape of mensu-
ral characters) for adult males or females do not distinguish 
the three regional groups (Eastern, Central and Western), 
but there does seem to be clinal variation in some morpho-
metric traits, such as body size along a latitudinal gradient. 
This is apparent when examining the regressions of body 
size (SVL) vs. latitude for males (Fig. 4D) and body size 
(SVL) vs. latitude for females. Moreover, there is a sig-
nificant trend for body size to increase northward in adult 
males (Fig. 4D, R2 = 0.041, P < 0.0001) and adult females 
(R2 = 0.022, P = 0.027). 

Figure 7. Regression of PC 2 with latitude and longitude for adult 
females. (A) Regression of PC 2 vs. longitude: R2 = 0.180, F1,175 = 
38.29, P < 0.0001. (B) Regression of PC 2 vs. latitude: R2 = 0.083, 
F1,175 = 15.90, P < 0.0001.
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Ashton and colleagues investigated body size variation 
along a latitudinal gradient in a number of different verte-
brates (Ashton et al., 2000; Ashton, 2001; Ashton and Feld-
man, 2003). Although Bergmann’s rule (larger animals in 
colder climates) was originally applied only to endotherms, a 
number of recent studies have examined this ecogeographic 
rule in ectotherms (e.g., preceding references; Van Voorhies, 
1996; Partridge and Coyne, 1997; Arnett and Gotelli, 1999). In 
their studies of tetrapods, Ashton and Feldman (2003) found 
that some North American tetrapods follow Bergmann’s rule 
(mammals, turtles) while others reverse it (snakes, lizards), 
all following a north/south trend in body size variation. Plau-
sible reasons for this phenomenon have included colder tem-
perature increasing growth (Van Voorhies, 1996; Atkinson 
and Sibly, 1997) and, conversely, lower resource availability 
decreasing growth (Arnett and Gotelli, 1999).

In C. atrox, adult males and females have larger 
body sizes in higher latitudes (Fig. 4D), following Berg-
mann’s rule. Ashton (2001) found that C. viridis follows 
Bergmann’s rule and was larger at higher latitudes, but C. 
oreganus does not follow Bergmann’s rule and is smaller 
in northern areas. He attributed these differences between 
closely related taxa to differences in duration of hiberna-
tion. Crotalus viridis occurs in colder environments and 
hibernates longer, whereas C. oreganus occurs in warmer 
environments and hibernates for less time. 

Color pattern variation.—Body color of both male and 
female C. atrox specimens becomes darker with larger body 
size. Although body size tends to increase in the northern 
part of the range, color does not significantly increase with 
increasing latitude. However, adults of both sexes become 
darker eastward. This pattern may follow Gloger’s rule, 
which states that endotherms (most notably birds) are dark-
er in more humid environments (Zink and Remsen, 1986; 
Burtt and Ichida, 2004). For birds and mammals, this pat-
tern expresses itself as darker animals in the tropics, near 
the southern parts of their range for North American species 
(Burtt and Ichida, 2004). But for C. atrox, the eastern parts 
of the range encompass the Ozarks of Arkansas and the 
Southern and Tamaulipan Plains of eastern Mexico, central 
and eastern Texas, and Oklahoma. These areas are much 
more humid than the dryer, western parts of the range, in 
the Chihuahuan and Sonoran Deserts of west Texas, Arizo-
na, southeastern California, and Mexico. Eastern areas also 
have a very different kind of habitat, with mixed woodland 
and outcrops, compared to desert scrub and desert grass-
lands in the west. Thus, habitat type could also be affect-
ing the darker colors found in the eastern part of the range. 
Klauber (1930) also saw darker individuals in his eastern 
populations, with Texas and Oklahoma snakes being darker 
compared to western populations in Sonora and Arizona. In 
the present study, C. atrox males had increasing numbers of 
blotches eastward, but females did not. 

Sexual dimorphism was found in tail ring patterns of 
C. atrox from Oklahoma for other studies (Boyer, 1957; 
Quinn, 1979), and was seen here with males having higher 

numbers of tail rings than females (Table 3). Otherwise, 
this character showed no significant geographic variation 
throughout its range, varying so little that it was removed 
from the principal component analysis for males.

The literature reports a number of rare color patterns in 
C. atrox, including exceptionally dark individuals from Pe-
dro Armendariz lava fields in Socorro and Sierra Counties, 
New Mexico (Best and James, 1984), and other aberrant 
individuals from central Texas (Gloyd, 1958; Yancey et al., 
1997), including some with extremely pale coloration and 
few blotches, or blotches that have transformed into longi-
tudinal stripes (Yancey et al., 1997). These seem to be ac-
counts of variation within populations without any clear cli-
nal variation, although in the case of the C. atrox from lava 
fields, this is clearly substrate matching. Similar variation 
is known from many other squamates, including extremely 
pale lizards in White Sands, New Mexico, and melanistic 
Sceloporus undulatus in the Carrizozo lava fields of New 
Mexico (Rosenblum et al., 2004).

Conclusions and further questions.—Crotalus atrox 
may truly be considered a widespread species with a large 
geographic range. It does not seem to vary in any discern-
ible pattern for most morphometric, meristic, and categorical 
traits across its range. Most differences are seen across an 
east-to-west continuum, except body size, which varied along 
a north/south transect. Yet, even with the moderate amounts 
of phenotypic variation seen across groups in C. atrox, there 
is more variation within these groups. This is in contrast to 
a number of studies on various vertebrate taxa, which show 
hidden patterns of vicariance and cryptic species across this 
same continuum, including horned lizards (Reeder and Mon-
tanucci, 2001), Lyre Snakes (LaDuc and Johnson, 2003), and 
pocket mice (Riddle, 1995), among others. Morafka (1977) 
hypothesized that the region around the continental divide 
at the border of Arizona and New Mexico, near the Animas, 
Peloncillos, and Chiricahua Ranges, is a barrier (termed the 
“Cochise Filter Barrier”) to mixing between populations 
on either side of these mountain ranges. However, C. atrox 
shows intergradation of their mitochondrial genes (Castoe et 
al., 2007), with a mix of haplotypes from both the Eastern 
and Western groups in this exact region.

What drives geographic variation in morphology and 
color pattern in C. atrox on such a large geographic scale? 
Predictive modeling in a GIS (geographical information 
systems) framework may provide insights into the relation-
ships between morphology (e.g., numbers of ventral scales, 
number of head scales before the supraoculars, body size, 
color) and important environmental variables (e.g., humid-
ity, temperature, precipitation, seasonality, and elevation). 
In addition, contrasting or exploring the ecological niches 
in present vs. past climates will help predict areas where 
populations of C. atrox were during the last glacial maxima 
and why they show introgression in some areas today. Inte-
grating molecular (Castoe et al., 2007) and morphological 
variation in C. atrox with GIS will help elucidate the factors 
causing these biogeographic patterns that we see today.

Geographic variation in Western Diamond-Backed Rattlesnakes



70

Acknowledgments

This manuscript was originally written as part of a 
Ph.D. dissertation at the University of Texas at Arlington. I 
am very grateful to my lab mates at UTA, especially Jesse 
Meik and Walter Schargel for assistance and discussion of 
statistical methods, and Todd Castoe for discussion and con-
tribution of Fig. 1. Thanks to Michelle Koo for producing 
Fig. 2. I would like to especially thank Ron Gutberlet, Jesse 
Meik, Michelle S. Koo, and Adam Leaché for comments 
on the manuscript. Any errors are my own. I am grateful to 
the following institutions and individuals for allowing me 
to examine their C. atrox specimens: AMNH (Linda Ford, 
Jay Cole, Darrell Frost), CAS (Jens Vindum, Michelle Koo, 
Al Leviton, Bob Drewes), CM (John Wiens, Stephen Rod-
gers), KU (Linda Trueb, Bill Duellman, John Simmons), 
LACM (David Kizirian, Kent Beaman), SDNHM (Brad 
Hollingsworth), MVZ (David Wake, Chris Conroy, Carla 
Cicero), UMMZ (Greg Schneider, Ronald Nussbaum), 
USNM (Roy McDiarmid, George Zug, Ron Crombie, Traci 
Hartsell), TNHC (Travis LaDuc’s collection), and UTA 
(Jonathan Campbell, Rhonda Ackley). Field collecting and 
museum visits were funded by the following sources: CAS 
Department of Herpetology Stearn’s Grant-in-Aid, Carn-
egie Museum of Natural History Collection Study Grant 
in Herpetology, Phi Sigma Biological Honor Society (UTA 
Chapter), Society for the Study of Amphibians and Rep-
tiles Grant-In-Herpetology, Southwestern Research Station 
Student Research Grant (AMNH), Texas Herpetological 
Society, Theodore Roosevelt Memorial Grant (AMNH), 
and the UTA Department of Biology for partially matching 
funds. Specimens were collected under Arizona Game and 
Fish Scientific Collecting Permit SP555016 and 00221 and 
New Mexico Game and Fish Scientific Collecting Permit 
No. 3063. I am grateful to Melissa Kreighbaum (AZ) and 
Charlie Painter (NM) for assistance with permits.

Literature Cited

Alexandria Digital Library, v. 3.2, 2003. Available at 
http://middleware.alexandria.ucsb.edu/client/gaz/adl/
index.jsp

Allsteadt, J., A. H. Savitzky, C. E. Petersen, and D. 
N. Naik. 2006. Geographic variation in the morphol-
ogy of Crotalus horridus (Serpentes: Viperidae). Her-
petol. Monog. 20:1-63.

Amaral, A. do. 1929. On Crotalus tortugensis Van Den-
burgh and Slevin, 1921, Crotalus atrox elegans 
Schmidt, 1922, and Crotalus atrox lucasensis (Van 
Denburgh, 1920). Bull. Antivenin Inst. Am. 2:85-86.

Arnett, A. E., and N. J. Gotelli. 1999. Geographic 
variation in life-history traits of the Ant Lion, Myrme-
leon immactulatus: evolutionary implications of Berg-
mann’s rule. Evolution 53:1180-1188.

Ashton, K. G. 2001a. Are ecological and evolutionary 
rules being dismissed prematurely? Diversity and Dis-
tribution 7:289-295.

———. 2001b. Body size variation among mainland popu-
lations of the Western Rattlesnake (Crotalus viridis). 
Evolution 55:2523-2533.

———. 2002. Patterns of within-species body size varia-
tion of birds: strong evidence for Bergmann’s rule. 
Global Ecol. Biogeog. 11:505-523.

———, and A. de Queiroz. 2001. Molecular systematics 
of the Western Rattlesnake, Crotalus viridis (Viperi-
dae), with comments on the utility of the D-Loop in 
phylogenetic studies of snakes. Mol. Phylogen. Evol. 
21:176-189.

———, and C. R. Feldman. 2003. Bergmann’s rule in 
nonavian reptiles: turtles follow it, lizards and snakes 
reverse it. Evolution 57:1151-1163.

———, M. C. Tracy, and A. de Queiroz. 2000. Is 
Bergmann’s rule valid for mammals? Am. Nat. 
156:390-415.

Atkinson, D., and R. M. Sibly. 1997. Why are organisms 
usually bigger in cooler environments? Making sense of 
a life history puzzle. Trends Ecol. Evol. 12:235-239.

Avise, J. C. 1987. Intraspecific phylogeography: the mi-
tochondrial DNA bridge between population genetics 
and systematics. Annu. Rev. Ecol. Syst. 18:489-522.

Beaupre, S. J., D. Duvall, and J. O’Leile. 1998. Ontoge-
netic variation in growth and sexual size dimorphism in 
a central Arizona population of the Western Diamond-
back Rattlesnake (Crotalus atrox). Copeia 1998:40-47. 

Best, T. L., and H. C. James. 1984. Rattlesnakes (genus 
Crotalus) of the Pedro Armendariz lava field, New 
Mexico. Copeia 1984:213-215.

Boback, S. M. 2003. Body size evolution in snakes: evi-
dence from island populations. Copeia 2003:81-94.

Boyer, D. R. 1953. Variation in a population of Crotalus 
atrox Baird and Girard in Comanche County, Oklaho-
ma. Masters Thesis, University of Oklahoma, Norman, 
Oklahoma.

———. 1957. Sexual dimorphism in a population of the 
Western Diamond-backed Rattlesnake. Herpetologica 
13:213-217.

Burbrink, F. T. 2001. Systematics of the Eastern Ratsnake 
complex (Elaphe obsoleta). Herpetol. Monog. 
15:1-53.

Burtt, E. H., Jr., and J. M. Ichida. 2004. Gloger’s rule, 
feather-degrading bacteria, and color variation among 
song sparrows. Condor 106:681-686.

Campbell, J. A., and W. L. Lamar. 2004. The Venomous 
Reptiles of the Western Hemisphere. 2 vols. Cornell 
University Press, Ithaca, New York.

———, and E. N. Smith. 2000. A new species of arboreal 
pitviper from the Atlantic versant of northern Central 
America. Rev. Biol. Trop. 48:1001-1013. 

Castoe, T. A., C. L. Spencer, and C. L. Parkinson. 2007. 
Phylogeographic structure and historical demography 
of the Western Diamondback Rattlesnake (Crotalus 
atrox): a perspective on North American desert bioge-
ography. Mol. Phylogen. Evol. 42:193-212.

C. L. Spencer



71

Cicero, C. 1996. Sibling species of titmice in the Parus 
inornatus complex (Aves: Paridae). University of Cali-
fornia Publications Zoology, Vol. 128. University of 
California Press, Berkeley, California.

Clark, A. M., P. E. Moler, E. E. Possardt, A. H. Savitz-
ky, W. S. Brown, and B. W. Bowen. 2003. Phylogeog-
raphy of the Timber Rattlesnake (Crotalus horridus) 
based on mtDNA Sequences. J. Herpetol. 37:145-154.

Coyne, J. A. 1994. Ernst Mayr and the origin of species. 
Evolution 48:19-30.

Cross, J. K. 1979. Multivariate and univariate character 
geography in Chionactis (Reptilia: Serpentes). Ph.D. 
Dissertation, University of Arizona, Tucson, Arizona.

Douglas, M. E., M. R. Douglas, G. W. Schuett, L.W. 
Porras, and A. T. Holycross. 2002. Phylogeography 
of the Western Rattlesnake (Crotalus viridis) complex, 
with emphasis on the Colorado Plateau. Pp. 11-50 in 
Schuett, G. W., M. Höggren, M. E. Douglas, and H. W. 
Greene (eds.), Biology of the Vipers. Eagle Mountain 
Publishing, Eagle Mountain, Utah.

Dowling, H. G. 1951. A proposed standard system of 
counting ventrals in snakes. Brit. J. Herpetol. 1:97-99.

Endler, J. A. 1977. Geographic Variation, Speciation, and 
Clines. Princeton University Press, Princeton, New 
Jersey. 

Gloyd, H. K. 1958. Aberrations in the color patterns 
of some crotalid snakes. Bull. Chicago Acad. Sci. 
10(12):185-195.

Gould, S. J., and R. F. Johnston. 1972. Geographic vari-
ation. Annu. Rev. Ecol. Syst. 3:457-489.

Greene, H. W. 1997. Snakes: The Evolution of Mystery in 
Nature. University of California Press, Berkeley, Cali-
fornia.

Hair, J. F., Jr., Andreson, R. E., and R. L. Tatham. 1977. 
Multivariate Data Analysis, 2nd ed. Macmillan, New 
York, New York.

Herrel, A., J. J. Meyers, and B. Vanhooydonck. 2001. 
Correlations between habitat use and body shape in a 
phrynosomatid lizard (Urosaurus ornatus): a popula-
tion-level analysis. Biol. J. Linn. Soc. 74:305-314.

Kelley, K. C., S. J. Arnold, and J. Gladstone. 1997. 
The effects of substrate and vertebral number on lo-
comotion in the Garter Snake Thamnophis elegans. 
Funct. Ecol. 11:189-198.

Klauber, L. M. 1930. Differential characteristics of south-
western rattlesnakes allied to Crotalus atrox. Bull. 
Zool. Soc. San Diego 6:1-73.

———. 1941. III. The correlation between scalation and 
life zones in San Diego County snakes. Bull. Zool. 
Soc. San Diego 17:73-79.

———. 1972. Rattlesnakes: Their Habits, Life Histories, 
and Influence on Mankind. 2 vols. 2nd ed. University of 
California Press, Berkeley, California.

LaDuc, T. J., and J. D. Johnson. 2003. A taxonomic re-
vision of Trimorphodon biscutatus vilikinsonii (Ser-
pentes: Colubridae). Herpetologica 59:364-374.

Lestrel, P. E. 2000. Morphometrics for the Life Sciences. 
World Scientific, Singapore.

Leviton, A. E., R. H. Gibbs, Jr., E. Heal, and C. E. Daw-
son. 1985. Standards in herpetology and ichthyol-
ogy: part I. Standard symbolic codes for institutional 
resource collections in herpetology and ichthyology. 
Copeia 1985:802-832.

McGarigal, K., S. Cushman, and S. Stafford. 2000. 
Multivariate Statistics for Wildlife and Ecology Re-
search. Springer-Verlag, Inc., New York, New York.

Minckley, W. L., D. A. Hendrickson, and C. E. Bond. 
1986. Geography of western North American freshwa-
ter fishes: description and relationships to intraconti-
nental tectonism. Pp. 519-614 in C. H. Hocutt and E. 
O. Wiley (eds.), The Zoogeography of North American 
Freshwater Fishes. John Wiley and Sons, New York. 

Morafka, D. J. 1977. A Biogeographic Analysis of the 
Chihuahuan Desert through its Herpetofauna. Junk, 
The Hague, Netherlands. 

Murphy, R. W., and C. B. Crabtree. 1988. Genetic 
identification of a natural hybrid rattlesnake: Crotalus 
scutulatus scutulatus × C. viridis viridis. Herpetologica 
44:119-123.

———, V. Kovac, O. Haddrath, G. S. Allen, A. Fish-
bein, and N. E. Mandrak. 1994. mtDNA gene se-
quence, allozyme, and morphological uniformity 
among Red Diamond Rattlesnakes, Crotalus ruber and 
Crotalus exsul. Can. J. Zool. 73:270-281.

———, J. Fu, A. Lathrop, J. V. Feltham, and V. Kovac. 
2002. Phylogeny of the rattlesnakes (Crotalus and Sistru-
rus) inferred from sequences of five mitochondrial DNA 
genes. Pp. 69-92 in Schuett, G. W., M. Höggren, M. E. 
Douglas, and H. W. Greene (eds.), Biology of the Vipers. 
Eagle Mountain Publishing, Eagle Mountain, Utah.

Partridge, L., and J. A. Coyne. 1997. Bergmann’s rule in 
ectotherms: is it adaptive? Evolution 5:632-635.

Pfrender, M. E., W. E. Bradshaw, and C. A. Kleckner. 
1998. Patterns in the geographic range sizes of ecto-
therms in North America. Oecologia 115:439-444.

Pook, C. E., W. Wüster, and R. S. Thorpe. 2000. His-
torical biogeography of the Western Rattlesnake (Ser-
pentes: Viperidae: Crotalus viridis), inferred from 
mitochondrial DNA sequence information. Mol. Phyl-
ogen. Evol. 15:269-282.

Quinn, H. R. 1979. Sexual dimorphism in tail pattern in 
Oklahoma snakes. Texas J. Sci. 31:157-160.

Reeder, T. W., and R. R. Montanucci. 2001. Phyloge-
netic analysis of horned lizards (Phrynosomatidae: 
Phrynosoma): evidence from mitochondrial DNA and 
morphology. Copeia 2001:309-323.

Reist, J. D. 1985. An empirical evaluation of several uni-
variate methods that adjust for size variation in mor-
phometric data. Can. J. Zool. 63:1429-1439.

———. 1986. An empirical evaluation of coefficients used 
in residual and allometric adjustment of size covaria-
tion. Can. J. Zool. 64:1363-1368.

Geographic variation in Western Diamond-Backed Rattlesnakes



72

Riddle, B. R. 1995. Molecular biogeography in the pocket 
mice (Perognathus and Chaetodipus) and grasshopper 
mice (Onychomys): the Late Cenozoic development of 
a North American arid-lands rodent guild. J. Mammal. 
76:283-301.

Rosenblum, E. B., H. E. Hoekstra, and M. W. Nachman. 
2004. Adaptive reptile color variation and the evolution 
of the MC1R gene. Evolution 58:1794-1808.

Schmidt, K. P. 1922. The amphibians and reptiles of lower 
California. Bull. Am. Mus. Nat. Hist. 46:607-707.

Serb, J. M., C. A. Phillips, and J. B. Iverson. 2001. Mo-
lecular phylogeny and biogeography of Kinosternon 
flavescens based on complete mitochondrial control 
region sequences. Mol. Phylogen. Evol. 18:149-162.

Shine, R. 2000. Vertebral numbers in male and female 
snakes: the roles of natural, sexual and fecundity selec-
tion. J. Evol. Biol. 12:455-465.

Sokal, R. R., and F. J. Rohlf. 1995. Biometry: The Prin-
cipal and Practice of Statistics in Biological Research. 
W. H. Freeman and Company, New York, New York.

Stebbins, R. C. 1985. A Field Guide to Western Reptiles 
and Amphibians. Houghton Mifflin Company, New 
York, New York.

Thorpe, R. S., and L. Leamy. 1983. Morphometric stud-
ies in inbred and hybrid house mice (Mus sp.): mul-

tivariate analysis of size and shape. J. Zool. London 
199:421-432.

Van Voorhies, W. A. 1996. Bergmann size clines: a simple 
explanation for their occurrence in ectotherms. Evolu-
tion 50:1259-1264.

Wake, D. B., and E. L. Jockusch. 2000. Detecting spe-
cies borders using diverse data sets: examples from 
Plethodontid salamanders in California. Pp. 95-119 in 
Bruce, R. C., R. G. Jaeger, and L. D. Houck (eds.), The 
Biology of Plethodontid Salamanders. Plenum Pub-
lishers, New York, New York.

Yancey, F. D., II, W. Meinzer, and C. Jones. 1997. Ab-
errant morphology in Western Diamondback Rattle-
snakes (Crotalus atrox). Occas. Pap. Mus. Texas Tech 
Univ. 164:1-4.

Zamudio, K. R., K. B. Jones, and R. H. Ward. 1997. Mo-
lecular systematics of Short-horned Lizards: biogeog-
raphy and taxonomy of a widespread species complex. 
Syst. Biol. 46:284-305.

Zink, R. M., and R. C. Blackwell. 1998. Molecular 
systematics of the scaled quail complex (Genus Cal-
lipepla). Auk 115:349-403.

———, and J. V. Remsen, Jr. 1986. Evolutionary process-
es and patterns of geographic variation in birds. Cur. 
Ornithol. 4:1-69.

C. L. Spencer



73

MEXICO: Baja California Norte: (MVZ 
10728-29 adult males, SDNHM 17051 juvenile female, 
USNM 53064 adult male, USNM 53065 adult female). 
Chihuahua: (AMNH 85264 adult male, AMNH 138251 
juvenile male, AMNH 138252 adult male, CM 59816 juve-
nile male, CM 59817 adult female, CM 59818 adult male, 
CM 59819 juvenile male, CM 59820 adult female, CM 
59821 juvenile male, CM 59822 adult female, CM 59825 
adult female, CM 59826 adult male, CM 59827 adult fe-
male, CM 59828-29 adult males, CM 59847-48 adult males, 
CM 59853 adult male, CM 59854 adult female, CM 61788 
adult male, CM S-6369 adult female, KU 47336 adult male, 
MVZ 24391 juvenile male, MVZ 46688 adult female, MVZ 
56321 juvenile male, MVZ 56979 adult male, MVZ 71309 
adult female, USNM 263 adult male, USNM 46475 adult 
male, USNM 104614 adult male, USNM 106419-20 adult 
females, USNM 104622-23 adult males, USNM 104624-25 
adult females, USNM 238307 adult female, USNM 257938 
adult male). Coahuila: (AMNH 67036 adult female, 
AMNH 88821 adult male, AMNH 93668 juvenile female, 
AMNH 150123 adult female, AMNH 150124-25 adult 
males, AMNH 150126 juvenile male, CAS 91815 adult 
male, CM 42843 adult male, CM 42844 adult male, CM 
48159-61 juvenile males, CM 48263 juvenile female, CM 
51198 adult male, CM 51263 juvenile male, CM 59832 ju-
venile female, KU 28150 adult male, KU 28151 juvenile 
female, KU 338583 adult male, KU 33851 adult male, KU 
38332 adult female, KU 38333 juvenile male, KU 39570 
juvenile female, SDNHM 6572 adult male, SDNHM 60473 
juvenile male, USNM 241537-38 adult males, USNM 
241539 juvenile male). Durango: (AMNH 68343 juve-
nile female, CM 59823 juvenile, CM 59824 adult male, 
CM 59839 adult male). Hidalgo: (UTA 12566). Nuevo 
León: (AMNH 150128 adult female, AMNH 150129-30 
adult males, AMNH 150131-32 adult females, AMNM 
62277 juvenile male, AMNH 63819 adult male, AMNH 
74539 adult male, AMNH 86005 adult female, CM 53966 
juvenile, CM 53967 juvenile female, CM 59851 adult male, 
KU 128807 male juvenile, KU 128808 juvenile female, KU 
128809 adult female, LACM 66943 juvenile male, MVZ 
36741-42 adult males, UMMZ 75864 adult male, UTA 
8810 adult male, UTA 8811 juvenile male). Oaxaca: 
(AMNH 65887 juvenile female, AMNH 88825 juvenile 
male, UMMZ 82747 juvenile female, UMMZ 82748 adult 
female, UMMZ 82749 juvenile male, UMMZ 82750 ju-
venile female, UMMZ 82751 adult, UMMZ 82752 adult 
male, UMMZ 114590 juvenile male). San Luis Potosí: 
(AMNH 10737 juvenile male, AMNH 87998 adult male, 
CM 59850 adult male, KU 67737 juvenile female, UMMZ 
122124 juvenile male, UMMZ 126182 adult male). Si-
naloa: (CAS-SUR 24092 adult female, KU 67738 adult 
male, KU 69938 adult female, KU 83417 juvenile male, 
KU 83418 female juvenile). Sonora: (AMNH 69669 adult 

female, AMNH 73781 adult male, CAS 14364 adult female, 
CAS 19354 adult female, CAS 53241-43 adult males, CAS 
103468 adult female, CAS-SUR 10034 adult male, CAS-
SUR 14029 adult female, CAS-SUR 14362 juvenile male, 
CAS-SUR 14363 adult male, CAS-SUR 14365 adult fe-
male, CAS-SUR 14366 adult male, CM 25225 adult male, 
KU 23771 adult male, KU 43565-66 adult males, KU 45335 
adult male, KU 45336 adult female, KU 45337 juvenile fe-
male, KU 45338 adult male, KU 78962 adult male, LACM 
7194 adult male, LACM 7195 juvenile female, LACM 
7196 juvenile male, LACM 9163 adult male, LACM 9164, 
LACM 9165 juvenile male, LACM 9166 adult male, LACM 
25177 juvenile male, LACM 104422 adult male, LACM 
104423 adult female, LACM 104424 adult male, LACM 
104425 juvenile female, LACM 104426 adult male, LACM 
104427 juvenile male, LACM 104428 adult male, LACM 
104429 adult female, LACM 104430 adult male, LACM 
104431 adult male, LACM 104432 juvenile female, LACM 
104433 adult male, LACM 104434 adult female, LACM 
104435 juvenile female, LACM 104436 juvenile male, 
LACM 104437 adult female, LACM 104438 juvenile fe-
male, LACM 104439 adult female, LACM 104440-42 adult 
males, LACM 104443 juvenile male, LACM 104444 juve-
nile female, LACM 104445 adult female, LACM 104446 
juvenile male, LACM 135477 adult male, MVZ 10171-72 
adult males, MVZ 21033-34 adult males, MVZ 26167 juve-
nile male, MVZ 37803 adult male, MVZ 50843 adult male, 
MVZ 50844 adult female, MVZ 76403-04 adult males, 
MVZ 80030 adult male, SDNHM 2328-29 adult females, 
SDNHM 2330 adult male, SDNHM 2770 adult female, 
SDNHM 3176 adult male, SDNHM 21957 adult male, SD-
NHM 35911 adult male, SDNHM 42800 adult male, SD-
NHM 44344-46 adult males, SDNHM 44347 adult female, 
SDNHM 44348-49 adult males, SDNHM 46091 adult male, 
SDNHM 48021-22 adult females, SDNHM 48024 adult fe-
male, SDNHM 49646 adult female, UMMZ 78447 adult 
female, UMMZ 78448 adult male, UMMZ 113047 adult 
male, UMMZ 114119 adult male, UMMZ 128005 adult fe-
male, USNM 21045-46 adult males, USNM 21824 adult 
male, USNM 222065 adult female, USNM 222066-67 adult 
males, USNM 222068 adult female, USNM 222069-70 
adult males, USNM 238289-90 juvenile males, USNM 
240695 adult female, USNM 248158-59 adult males, USNM 
248219 male juvenile, UTA 17829 adult male). Tamauli-
pas: (AMNH 73588 adult male, AMNH 93436 adult male, 
AMNH 150120 adult male, AMNH 150121 adult female, 
CAS 141898 juvenile, KU 61296 adult female, KU 61297 
adult male, KU 61298 adult female, KU 68119 adult male, 
MVZ 36743 adult female, MVZ 36744 adult male, SDN-
HM 6574 adult female, UMMZ 101269 adult male, UMMZ 
119434 adult male, UMMZ 124753 adult male, USNM 
37577, USNM 110607-09 adult males, UTA 8812). Ve-
racruz: (KU 24129 juvenile female, USNM 46474 adult 
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female). Zacatecas: (AMNH 98850 adult female, AMNH 
98854 adult female, AMNH 98855 female juvenile, AMNH 
98856 juvenile male, AMNH 118069 adult male, AMNH 
118070 juvenile female, AMNH 118550 juvenile male, 
AMNH 150122 adult male, CAS 59833 adult male, CAS 
59849 adult male, CAS 59855 adult female, CAS 89769 
juvenile, MVZ 143534 adult female). 

USA: Arkansas: Perry Co.: (USNM 118513 juvenile 
male). Polk Co.: (KU 84389 adult male). Yell Co.: (KU 
69434 juvenile male). Arizona: Cochise Co.: (AMNH 
75473 adult male, AMNH 91627 adult female, AMNH 
107532 adult male, AMNH 115625 juvenile male, CAS 
12705 adult male, CAS 81462 adult female, CAS 12715 
adult male, CAS 100131 juvenile female, CAS 141800 ju-
venile male, CAS 170450 juvenile female, CAS 192777 
male juvenile, CAS 129779 male juvenile, CAS 192778 ju-
venile female, CAS 192781 adult male, CAS 195857 juve-
nile male, CAS 195858 adult male, CM 40180 adult female, 
CM 40420 adult female, CM 48519 adult male, CM 66067 
juvenile male, CM 67032-33 adult males, CM 69867 fe-
male juvenile, CM 69871 juvenile, CM 70640-41 adult 
males, CM 83664 juvenile male, MVZ 209122 male, MVZ 
226241, MVZ 229780, MVZ 229781 adult, MVZ 229782 
adult female, MVZ 229785 adult male, SDNHM 2771 ju-
venile female, SDNHM 34452 juvenile female, SDNHM 
40895 juvenile male, UMMZ 69738 adult female, UMMZ 
69739 adult male, UMMZ 71330-31 adult males, UMMZ 
114096 adult male, USNM 14742-43 adult males, USNM 
218682 adult female, USNM 226659 adult female, USNM 
246584 adult female, USNM 246585 adult male, USNM 
246586 juvenile male, UTA 17316 juvenile male, UTA 
26526 juvenile male). Gila Co.: (CAS 192785 adult female, 
CM 51549 juvenile, CM 51550 juvenile male, CM 51829 
adult female, CM 51910 juvenile female, CM 51911 adult 
female, SDNHM 9919 adult male, UMMZ 64901 adult 
male, UMMZ 64902-03 adult females, UMMZ 64904 adult 
males, UMMZ 68464 adult males). Graham Co.: (CAS 
87412 juvenile female, CM 48678 juvenile male, CM 48743 
adult male, CM 70669 adult female, CM 71203 adult fe-
male, CM 71204 adult male, CM 71255 adult female, CM 
71362 adult female, CM 71370 adult male, CM 71375 adult 
male, SDNHM 34451 adult male, USNM 51757-58 adult 
males, USNM 51759 juvenile male). Greenlee Co.: (CAS 
192792 juvenile male, CAS 192793 adult male, CM 71233 
adult male, CM 71631 adult male). La Paz Co.: (CAS 91625 
adult female, USNM 253064 adult female). Maricopa Co.: 
(AMNH 99318 adult female, CAS 17532-33 adult female, 
CAS 17534 adult male, CAS 17537 juvenile female, CAS 
17538 adult male, CAS 20813 juvenile female, CAS 65086 
adult male, CAS 65698 adult male, CAS 80673 adult male, 
CM 19827 juvenile, CM 53735 juvenile female, CM 54015 
adult female, CM 68471 adult male, SDNHM 2706 adult 
male, SDNHM 2769 adult female, SDNHM 2777 juvenile 
male, SDNHM 3235 adult male, SDNHM 3295 adult male, 
SDNHM 9344-45 adult males, SDNHM 17627 adult fe-
male, SDNHM 20883 adult female, SDNHM 22409 adult 

male, SDNHM 23062-63 adult female, SDNHM 23939 
adult male, SDNHM 23940-41 adult females, UMMZ 
224274-5 adult males, UMMZ 70342 adult female, UMMZ 
70346 adult male, UMMZ 79309 adult male, USNM 
129422 adult male, USNM 246587-88 juvenile males, 
USNM 246589 juvenile female, USNM 246594 adult male, 
USNM 246597 adult male). Mojave Co.: (CAS 62980 adult 
female, UMMZ 59835 adult female, UTA 50692 juvenile 
male). Pima Co.: (AMNH 26028-29 adult females, AMNH 
26030-31,33 adult males, AMNH 26043 adult male, AMNH 
26045 adult female, AMNH 26048-49 adult males, AMNH 
26050 adult female, AMNH 26053 adult female, AMNH 
26054 adult female, AMNH 26062 adult male, AMNH 
26066 adult female, AMNM 26067 adult male, AMNH 
62736 adult male, AMNH 64345 juvenile female, AMNM 
67248 adult female, AMNH 127858 adult male, CAS 34265 
adult male, CAS 34266 adult female, CAS 34267-69 adult 
males, CAS 34270 adult female, CAS 34271 adult male, 
CAS 34272-73 adult males, CAS 35297 adult male, CAS 
80734 juvenile female, CAS 80735 juvenile male, CAS 
92463 adult male, CAS 100129 adult male, CAS 152532-34 
adult males, CAS 192786 adult female, CAS 192787-88 
juvenile male, CAS 192789 female adult, CAS-SUR 1708, 
CAS-SUR 1712, CAS-SUR 10342 adult male, CM 19284 
adult female, CM 21319 adult female, CM 47771 adult 
male, CM 53817 adult female, CM 53858 juvenile male, 
CM 67018 juvenile male, CM 67023 adult male, CM 67035 
adult male, CM S-4444 adult male, LACM 145646 juvenile 
female, MVZ 6723 adult female, MVZ 7959 adult male, 
MVZ 10744 adult male, MVZ 22409 adult male, MVZ 
74284 adult male, MVZ 74285-86 adult females, MVZ 
76669 adult male, MVZ 78059 juvenile male, MVZ 78060 
adult male, MVZ 180260 juvenile male, MVZ 196871 adult 
male, MVZ 206949 adult male, MVZ 206950 adult female, 
MVZ 206951 adult male, MVZ 209123 adult male, MVZ 
229872, UMMZ 69740, UMMZ 224276 juvenile male, 
USNM 56687 male juvenile, USNM 167731 adult male, 
USNM 246602 adult female, USNM 246919 adult male, 
UTA 14461 juvenile female, UTA 19408 adult male, UTA 
32350 juvenile female). Pinal Co.: (AMNH 26046 adult fe-
male, USNM 246590 juvenile male, USNM 246591 juve-
nile female, USNM 246592 female juvenile, USNM 246593 
male juvenile, USNM 246603 adult male, USNM 246604 
male juvenile, UTA 32351 adult male). Santa Cruz Co.: 
(CAS 192790-91 adult male, UMMZ 75801 adult male, 
UMMZ 224277 adult female, USNM 474 adult male, 
USNM 4713 adult female). Yavapai Co.: (AMNH 68472 
adult male, AMNH 70866 adult female, AMNH 70867 
adult male, CAS 63879-80 adult males, CAS 63889-92 
adult males, CAS 65085 adult male, CAS 65091-92 adult 
males, CAS 65112 adult male, CAS 65113 adult female, 
CAS 65114 adult male, CAS 65696-97 adult males, CAS 
65969-72 adult males, CAS 65973 adult female, CAS 
156188 adult male, CM 67020-21 adult males, CM 67024 
adult female, CM 67025-27 adult males, CM 67028-30 
adult males, CM 67034 adult female, CM 67036 adult fe-
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male, CM 67037 adult male, CM 67038 juvenile male, CM 
67039 juvenile, CM 67040 adult female, CM 67041 female 
juvenile, CM 69444 female juvenile, SDNHM 2136 adult 
male, USNM 253063 juvenile male). Yuma Co.: (AMNH 
64346 juvenile male, CAS 33656 adult male, CM 67022 
adult male, UMMZ 152749 adult male, USNM 467 adult 
male, USNM 469 juvenile male, USNM 21825 adult male). 
Unknown locality in AZ: (CM 71898 adult female). Cali-
fornia: Imperial Co.: (CAS 208531 adult male, CAS-SUR 
7233 adult female, KU 55637 adult male, LACM 27976 
adult male, LACM 36613 adult female, LACM 37838 adult 
female, LACM 36614 adult female, LACM 116539 male 
juvenile, MVZ 1004 adult male, MVZ 1005 adult female, 
MVZ 1830 juvenile male, USNM 0476-77 juvenile males-
Paratypes, USNM 22046 adult female, USNM 44302 adult 
male, USNM 56282 adult male, USNM 222785 adult fe-
male). Riverside Co.: (AMNH 58979 adult female, AMNH 
60549 adult female, AMNH 63817 adult female, AMNH 
63818 adult female, CAS 43244 juvenile female, CAS 
63939 juvenile male, CAS 71345-46 adult females, KU 
84557-58 adult females, LACM 3015 adult male, LACM 
3016 male, LACM 20180 juvenile male, LACM 20181 
adult male, LACM 20182 juvenile female, LACM 20183 
adult female, LACM 20184 juvenile female, LACM 27977 
juvenile male, LACM 104380 adult female, LACM 104381 
juvenile female, LACM 104388 juvenile male, LACM 
104389-90 adult males, LACM 104391 adult female, 
LACM 104392 adult male, LACM 104393 adult female, 
LACM 104394-95 juvenile female, LACM 104396 adult 
male, LACM 104397-98 juvenile female, LACM 104400 
adult male, MVZ 405 adult male, MVZ 407 adult female, 
MVZ 443 juvenile male, MVZ 1835 adult female, MVZ 
40916 juvenile male, MVZ 44689 juvenile female, MVZ 
61011 adult female, UMMZ 96877 adult). San Bernardino 
Co.: (LACM 104399 adult male, MVZ 180355 male juve-
nile). Nevada: Clark Co. :(CAS 19917 adult male, MVZ 
16692 adult male, MVZ 16693 juvenile male, MVZ 36148 
adult female). New Mexico: Bernalillo Co.: (adult fe-
male). Cibola Co.: (UMMZ 86633 adult male). Doña Ana 
Co.: (CAS 100130 juvenile female, CM 18324 adult male, 
CM 58975 adult male, CM 60568 adult male, CM 65921 
juvenile female, CM 65964 adult female, CM 65966 adult 
male, CM 65967 juvenile female, CM 67217 adult female, 
CM 58979 adult male, CM 60567 adult male, CM 65943 
adult male, CM 65948 juvenile male, CM 67013 adult male, 
LACM 134011 adult female, LACM 134012-14 adult 
males, LACM 134015-16 adult females, LACM 134017 
adult male, LACM 134018 adult female, LACM 134019 
adult male, LACM 134020 male juvenile, LACM 134021 
adult female, LACM 134022-24 adult males, LACM 

134025 adult female, MVZ 134124 adult male, USNM 
102265 adult female, UTA 25110 adult male). Eddy Co.: 
(UMMZ 122979 adult male, UMMZ 122980 adult female, 
USNM 307979 juvenile female). Grant Co.: (AMNH 81793 
adult male, AMNH 99855 adult male, AMNH 131297 juve-
nile female). Guadalupe Co.: (USNM 32731 juvenile male). 
Hidalgo: (AMNH 57464 adult female, AMNH 67244 juve-
nile male, AMNH 74871 adult male, AMNH 75257 adult 
female, AMNH 77612 adult male, AMNH 76222 adult, 
AMNH 80038 adult male, AMNH 80158 adult male, 
AMNH 81792 adult male, AMNH 90405 adult male, 
AMNH 99319 adult female, AMNH 123913 adult male, 
CM 18341 adult female, CM 18342 adult male, CM 69863 
adult female, CM 70633 adult male, CM 18338 adult male, 
LACM 134852 adult female, MVZ 70344 adult male, MVZ 
209131 adult male, MVZ 225562 adult male, MVZ 229786 
adult male, MVZ 229787 adult female, USNM 320316 
adult male). Lincoln Co.: (MVZ 16417 adult male). Luna 
Co.: (CM 107292 adult male, UMMZ 74127 adult male, 
USNM 80076 juvenile male, USNM 320315 adult male). 
Otero Co.: (AMNH 4119 adult male, CAS 204102 adult 
male). Quay Co.: (UMMZ 68465 adult female). Sierra Co.: 
(CM 31354 adult male, CM 48826 adult female, CM 51355 
juvenile male, CM 51356 adult female, CM 58967 adult 
male, MVZ 24852 female juvenile, USNM 320317 adult 
male). Socorro Co.: (CM 67031 adult female, MVZ 180336 
juvenile male, MVZ 180337 adult female, UTA 25656 adult 
male). Valencia Co.: (MVZ 20566 adult male). Oklaho-
ma: Blaine Co.: (CM 44630 adult male, CM 91667 adult 
male, KU 19484 adult male). Comanche Co.: (UMMZ 
77128 adult male, UMMZ 77565 adult female, USNM 
313384 adult male). Jackson Co.: (UMMZ 86543 adult fe-
male). Major Co.: (UMMZ 81337 adult female). Woods 
Co.: (UMMZ 95620 adult female). Texas: Aransas Co.: 
(UMMZ 69732-34 adult males, UMMZ 116277 adult male, 
UTA 5146 juvenile female). Armstrong Co.: (CAS-SUR 
10396 adult female). Atascosa Co.: (UTA 22348 juvenile 
male). Baylor Co.: (UTA 10304 juvenile male, UTA 36739 
juvenile female). Bell Co.: (KU 72934 adult male). Bexar 
Co.: (AMNH 7421 adult, AMNH 14153 juvenile female, 
AMNH 17082 juvenile female, AMNH 17800 juvenile 
male, CAS 31113 adult male, KU 84411-13 juvenile males, 
UMMZ 79306 adult male, USNM 4224 juvenile, USNM 
56686 juvenile female, USNM 79288a juvenile female, 
USNM 798288b male juvenile, USNM 157312 adult male, 
USNM 160859 juvenile female, USNM 163629 adult male, 
USNM 313386 adult male). Bosque Co.: (KU 175575 adult 
male). Brazoria Co.: (UMMZ 116251 adult female). 
Brewster Co.: (AMNH 62985 adult female, AMNH 
73559-60 adult males, AMNH 101372 adult female, AMNH 
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112245 male juvenile, CAS 192794 juvenile male, CM 
67014 adult male, CM 67015 adult female, KU 206359 ju-
venile male, MVZ 147989 adult male, UMMZ 66042 adult 
male, UMMZ 66043 juvenile female, UMMZ 66925-27 
adult males, UMMZ 69741 adult male, UMMZ 72093 ju-
venile female, UMMZ 72094 adult female, UMMZ 92763 
adult male, UMMZ 92766 adult male, UMMZ 96874 adult 
male, UMMZ 114347 adult female, UMMZ 114348 adult 
male, UMMZ 114349 adult female, USNM 218938 juve-
nile male). Briscoe Co.: (UTA 15632 adult male). Brooks 
Co.: (CM 13618). Brown Co.: (AMNH 66077 adult male, 
AMNH 66650 juvenile female). Calhoun Co.: (USNM 255 
adult male-Paratype, USNM 7760 adult male-Paratype, 
USNM 7761 adult male-Holotype). Cameron Co.: (AMNH 
17032 adult female, AMNH 17033 adult male, AMNH 
17036 adult female, AMNH 17037 adult male, AMNH 
17038 adult female, AMNH 17040-41 adult females, CAS 
13171 adult male, CAS 13173 adult male, UMMZ 54017a-b 
juvenile males, UMMZ 54017c-f juvenile females, USNM 
52282-3 juvenile males, USNM 56684 juvenile female, 
USNM 56685 juvenile male, USNM 238855 juvenile male, 
USNM 238856 juvenile female, UTA 36743 adult female, 
CM R-388 adult female). Coke Co.: (KU 84403 adult fe-
male). Comal Co.: (AMNH 64797 juvenile female, UMMZ 
71328 adult male, UMMZ 71329 adult female, UMMZ 
72541-42 adult males, UMMZ 72543 adult female, USNM 
313385 adult male, USNM 100632 juvenile female). Con-
cho Co.: (KU 84395 juvenile female, UMMZ 55313 juve-
nile male). Cottle Co.: (CAS-SUR 10418 adult female). 
Crosby Co.: (UTA 33704 juvenile female). Dallas Co.: 
(UTA 57 juvenile female, UTA 1030 adult male, UTA 
17060 adult male, UTA 28777 adult male, UTA 28779 
adult female, UTA 28780 adult male). Eastland Co.: (KU 
1671-72 adult males, KU 1673 adult female, KU 1679 
adult female, KU 1680 adult male, KU 1681 adult female, 
KU 216077 adult male). El Paso Co.: (CM 57849 adult 
male, CM 57852 adult female, CM S-6374 adult female). 
Garza Co.: (CLS 576 adult female). Hidalgo Co.: (LACM 
136373, USNM 82295 adult female). Hill Co.: (UTA 
36740 adult female). Howard Co.: (CAS-SUR 9892 adult 
female). Hudspeth Co.: (USNM 147899 juvenile female, 
UTA 2882 juvenile male). Hutchinson Co.: (CM 67019 
adult male). Irion Co.: (KU 84405 adult female, TJL 876 
adult female). Jeff Davis Co.: (CM 57854 juvenile male, 
CM 57855 adult male, UMMZ 49958 juvenile female, 
UMMZ 49960 adult male). Jim Hogg Co.: (CAS 13933 
juvenile female, UMMZ 69735 adult female). Kendall Co.: 
(USNM 27058 juvenile female). Kenedy Co.: (AMNH 
98857 adult female, AMNH 98858 female, AMNH 117972 
adult male, MVZ 68468 adult male). Kerr Co.: (MVZ 

33947 adult male, USNM 157313 juvenile male, USNM 
26379 adult female). LaSalle Co.: (UTA 16700 adult male). 
Martin Co.: (KU 84397 juvenile female, USNM 19792 
adult male). Mason Co.: (UMMZ 70347 adult male). Ma-
tagorda Co.: (UMMZ 103262 adult female, UMMZ 116276 
adult female). Maverick Co.: (AMNH 93376 adult female, 
MVZ 128168 adult male, USNM 1301 juvenile, USNM 
32728 adult male). McCulloch Co.: (KU 84396 adult male, 
UTA 1328 adult female, UTA 2051 adult female, UTA 
36744 female juvenile). McMullen Co.: (CM 67017 adult 
female, KU 145978 juvenile female, TJL 948 adult male, 
UTA 16616 adult male, UTA 17188 adult male, UTA 
17205 adult female, UTA 18515 juvenile female). Medina 
Co.: (MVZ 52386 adult female). Mitchell Co.: (UTA 526 
juvenile male). Motley Co.: (CAS-SUR 10417 adult fe-
male). Nolan Co.: (CM 144745 adult female). Nueces Co.: 
(AMNH 4115 adult male, USNM 32734-36 juvenile 
males). Palo Pinto Co.: (AMNH 64123 adult male, CM 
24966 adult female, KU 84391 adult male, KU 84393 adult 
male, KU 84408 adult male, UTA 30725 adult male). Pe-
cos Co.: (CAS-SUR 9780 adult female). Presidio Co.: (CM 
67016 adult male, KU 189228 adult male). Reeves Co.: 
(CM 49016 adult male, CM 49020 adult male, KU 74706 
adult female, KU 74707 adult male, UMMZ 79305 adult 
male, UMMZ 92764 juvenile female, UMMZ 96875 juve-
nile female). Runnels Co.: (KU 84404 juvenile female). 
San Patricio Co.: (SDNHM 9432 adult male, USNM 
307980 adult male, UTA 5145 adult male). Starr Co.: (KU 
222560 adult male, UTA 18516 adult female). Sutton Co.: 
(KU 84407 juvenile male). Tarrant Co.: (CM S-8665 juve-
nile male). Tom Green Co.: (KU 84394 juvenile male, KU 
84398 juvenile male, KU 84399 juvenile female, KU 
84400-01 juvenile males, KU 84402 juvenile female, KU 
84406 juvenile female, KU 84409 adult male, KU 84414 
adult female, MVZ 38217 adult male, KU 206360-61 adult 
males). Travis Co.: (MVZ 128106 juvenile male, MVZ 
128107 juvenile female). Upton Co.: (AMNH 88409 adult 
male). Uvalde Co.: (USNM 32730 adult male, USNM 
32737 juvenile male, UTA 32342 juvenile male). Val Verde 
Co.: (CM 115819 juvenile male, KU 174960 adult male, 
KU 206358 juvenile male, USNM 32733 adult male, MVZ 
139392 juvenile male, USNM 32736-37 adult males, 
USNM 218939 adult male). Webb Co.: (AMNH 9334 ju-
venile female, KU 145979 adult male, KU 84390 adult 
male, KU 84415 adult male, MVZ 129361 juvenile female, 
USNM 321531-32 juvenile females, USNM 321541 adult 
male, UTA 17123 juvenile male). Winkler Co.: (UTA 
36738 adult female). Unknown locality in Texas: (CM 
R-1396 adult male, CM S-6185 juvenile male, SDNHM 
21582 adult male, SDNHM 21584 adult  male). 
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Appendix 11
Characters of Crotalus atrox Examined

All measurements were taken in mm with Vernier cali-
pers. If both right and left sides were measured/counted, 
this is stated below.

Mensural Characters
ROSTHT–height of rostral scale. Measured from the 

rostral contact with the internasal median suture to the ven-
tral most extension of the rostral scale (Burbrink, 2001).

ROSTWIDTH–width of rostral scale. Measured from 
the widest point of the scale, where it contacts the right and 
left supralabials (Klauber, 1972).

HEADLENGTH–length of head, from rostral tip to the 
posterior apex of the retroarticular process of the compound 
bone (Burbrink, 2001). Both right and left.

HEADHT–height of head, taken at the rictus. Both 
right and left.

HEADWD–width of head, taken across the top of the 
head at the rictus

TAILLENGTH–tail length, measured from the poste-
rior edge of the anal plate to the posterior edge of the rattle 
fringe, at the basal rattle segment.

BASLRATLENGTH–basal rattle length, measured 
basal rattle segment height when standing dorsal to ventral 
(see Klauber, 1972; same as basal rattle width in his text).

SVL–snout-vent length, measured from anterior rostral 
tip to posterior margin of anal plate.

Meristic Characters
ROSTNO–number of rostral scales.
CANTHAL–number of canthal scales (Klauber, 1972), 

both right and left.
INTERCANTH–number of intercanthal scales, mini-

mum distance between canthals, not including canthals.
SUPRAOC–number of supraocular scales, both right 

and left.
BEFSUPRAOC–number of scales before supraoculars 

on anterior head dorsum, includes internasals, canthals, all 
intercanthals, up to and not including the first intersupraocu-
lars (Klauber 1930).

INTERSUPRAOC–number of scales between supraoc-
ulars, taken at minimum distance between supraoculars.

NASALS–number of nasal scales, both right and left.
INTERNSLS–number of internasal scales, both right 

and left.
LOREALS–number of loreal scales, both right and left.
PREFOV–number of prefoveal scales (Klauber, 1972), 

both right and left.
POSTFOV–number of postfoveal scales (Klauber, 

1972), both right and left.
LACUNAL–number of lacunal scales (Klauber, 1972), 

both right and left.
PREOC–number of preocular scales, both right and left.

SUBOC–number of subocular scales (Klauber, 1972), 
both right and left.

POSTOC–number of postocular scales (Klauber, 1972), 
both right and left.

INTEROCULAB–number of interoculabial scales, min-
imum distance between eye and labial scales, not including 
labials or suboculars. Both right and left.

INTERRICT–number of interrictal scales in a straight 
line between the corners (rictus) of the mouth, not including 
labial scales (Klauber, 1972).

POSTOCUSTRIPE–number of supralabial scales ante-
rior to the rictus where postocular light stripe ends. States: at 
rictus (0), 1 scale anterior to rictus (1), 2 scales anterior to 
rictus (2), 3 scales anterior to rictus (3), 4 scales anterior to 
rictus (4). Both right and left.

SUPRALAB–number of supralabial scales, from first 
scale posterior to the rostral scale to the last scale at the ric-
tus. Both right and left.

INFRALAB–number of labial scales, from the first 
scale posterior to the anterior genial scale, to the last scale at 
the rictus. Both right and left.

GULAR–number of gular scales, single count in a line 
from chin shield (genial) to the first pre-ventral, both right 
and left.

DORSMID–numbers of dorsal scales taken around the 
body, starting at the midbody.

DORSANT–number of dorsal scales taken around the 
body, about one head length posterior to the head.

DORSPOST–number of dorsal scales taken around the 
body, 5 scales anterior to the tail.

PREVEN–number of preventral scales, starting at the 
first anterior ventral scale that is wider than high (where gu-
lars end), to the first ventral scale that contacts the first dorsal 
scale.

VENTRALS–total number of ventral scales beginning 
with the first scale row that contacts the first dorsal scale 
on both sides of the venter, and not including the anal plate 
(Dowling, 1951; Burbrink, 2001). 

RATFRINGE–rattle fringe scales, total number of scales 
contacting the basal (proximal) rattle segment.

CAUDALS–number of caudal scales, first scale poste-
rior to the anal plate to the last scale anterior to the proximal 
rattle, on the ventral surface (Klauber, 1972).

BODYBLOTCH–number of body blotches or diamonds 
that are present starting at the nuchal region, stopping ante-
rior to the tail.

TAILRINGS–total number of dark (black) rings around 
the tail.

RATTLENO–number of rattle segments (not used in 
analyses).
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Categorical Characters
PRENASLCONT–contact between the prenasal scale 

and the first supralabial scale, both right and left. States are 
no (1) or yes (2) (Klauber, 1930).

POSTNASLCONT–contact between the postnasal scale 
and the upper preocular scale, both left and right. States are: 
upper preocular scale in contact with the postnasal (1), con-
tact prevented by loreal (2), contact prevented by canthal (3), 
contact prevented by loreal and canthal (4), or contact inde-
terminate (5) (Klauber, 1972).

INFRALABDIV–First infralabial divided, both right 
and left (Klauber, 1930). States are no (1) or yes (2).

COLOR–overall body coloration, states: light (1), me-
dium (2), or dark (3).

BUTTPRES–button (apical segment of rattle) present, 
states are no (1) or yes (2), not used in analyses. 

AGE–adult or juvenile, based on whether snake is re-
productive (see methods).

SEX–male or female, determined by examining repro-
ductive organs directly in abdominal cavity or by incision in 
tail to examine presence of retracted hemipenes.


