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ABSTRACT

The phylo-geography and population genetics of three Crotalus species in
Southern Arizona (C. atrox, C. cerastes, and C. scutulatus) were examined using
mitochondrial DNA genes and nuclear microsatellite DNA markers. My focus was
twofold: (1) the phylo-geography and population structure in Southern Arizona and (2)
possible genetic signatures of population fragmentation by linear barriers on rattlesnakes
populations at Picacho Peak.

My results show genetic signatures of geneflow restrictions in one species (C.
atrox) which coincide with Interstate 10. I did not observe similar genetic effects in C.
cerastes or scutulatus, possibly caused by smaller sample sizes and marker numbers.
I found limited phylo-geographic and population genetic structure for all three species in
Southern Arizona indicating large interconnected populations. This study provides
wildlife management with a powerful genetic toolset and provides important baseline
data for future assessment and monitoring efforts of important predators and their

populations in the Sonoran desert habitat.
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INTRODUCTION

Habitat fragmentation is an alteration of an environment into ‘patches’ or portions
of the original landscape separated by barriers. These causes can either be natural such as
the formation of a river or mountain range or anthropogenic such as housing
development, buildings, roads, and canals. The differences between these are generally a
more gradual formation of natural barriers, which impact populations of organisms over
time with a possibility to adapt evolutionarily to these changes (Clark et al. 1999).
Anthropogenic (human made) barriers are abrupt, quickly impacting the surrounding
populations. Fragmentation can divide populations into smaller sub-populations that are
more vulnerable to demographically driven negative genetic effects, such as bottlenecks,
resulting in loss of genetic diversity (Fahrig 2003). They can eventually lead to
extinction. Human-induced barriers and alterations of the landscape have caused many
terrestrial regions to become fragmented at an ever-increasing rate. The impact of
landscape change on species diversity and abundance is one of the primary challenges in
conservation biology (Ewers and Didham 2006). Herpetofauna can be greatly affected by
the establishment of human development with some species, such as lizards, persisting
less than others species in Australia (Hamer and McDonnell 2010). Predominately
sedentary species with specialized habitat and diet requirements appear to be the most
vulnerable (Hagman et al 2009).

A group of species that has been affected by road fragmentation is the Anurans.
Roads cause anurans to be exposed to predators and susceptible to vehicle mortality.

Road noise alone can cause avoidance. Less continuous habitat leads to isolated
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populations that become vulnerable to deleterious genetic outcomes (inbreeding,
mutation fixation) or reduce the abundance of species near roads and there richness. Even
though the area of altered habitat for a road can be small, it can extend far beyond the
edge of the asphalt (Eigenbrod et al. 2009). Road affect zones were seen to be from 250—
1000 m away for anuran frog species.

Deleterious genetic effects that lead to reduced genetic variation can decrease
population fitness by decreasing the amount of heterozygosity in a population. This
prevents a population from having the genetic material necessary to adapt to a changing
environment which can lead to extinction of that population/species (Dixo et al. 2009).
This lack of fitness is more readily observed in small populations since genetic drift can
lead to rapid and significant effects through fixation. Large populations do not experience
genetic drift since they are in more or less genetic equilibrium. This makes large
populations genetically more stable without the threat of major genetic shifts at random.

Molecular genetic methods can be utilized to reveal aspects of genetic diversity,
population structure, and gene flow. Mitochondrial DNA (mtDNA) gene regions and
autosomal simple sequence repeats (STRs, microsatellites) are popular tools in wildlife
population genetics studies and have proven their usefulness and practicality (Miller et al.
2009). Maternally inherited mtDNA loci are valuable for two reasons: (1) there is no
recombination in mtDNA and (2) the mutation rate is relatively higher than in nuclear
DNA due to smaller population size. This allows for faster mutation rates. Autosomal
STRs are co-dominant and inherited bi-parentally thus exhibiting homozygote and

heterozygote alleles (Engstrom et al. 2007). STRs have now become an important tool in
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studying population genetics of different species. In snakes they have proved useful in
identifying genetic differentiation in a threatened species such as the Orsini’s Viper of
Europe (Ferchaud et al. 2011).

A number of studies investigated the effects of roads, waterways, and other
barriers on snake communities. Midget faded rattlesnakes (Crotalus oreganus concolor)
in southwestern Wyoming are beginning to show effects from a recently built waterway
(Flaming Gorge Reservoir) with bottlenecking and genetically distinct populations near
human impact sites (Oyler-McCance and Parker 2010). Another study focused on Timber
rattlesnakes (Crotalus horridus) and showed that roads interrupt breeding dispersal of
males seeking mates (Clark et al. 2009). The authors genetically determined that mating
took place most often between hibernacula that were not surrounded by roads which was
reinforced by the majority of the snakes found dead on roads being males. The
preservation of dispersal corridors between habitats is important to maintain genetic
integrity of the Copperbelly water snake (Nerodia erythrogaster neglecta) in Midwest
wetlands. If corridors are affected then populations become isolated leading to possible
deleterious genetic effects for the species (Marshall Jr. et al. 2009). A study on how
human changes to habitat affect snake communities comes to the conclusion that proper
management to maintain regional diversity is needed (Kjoss and Litvaitis 2000). For
rattlesnakes in particular, threats can include road mortality by vehicle collisions, housing
development limiting dispersal, and exposure to predators. Avoidance of roads has been
shown in a number of snake species (Andrews and Gibbons 2005, Andrews and Denim

2007).
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Owing to the fact that most snake species are elusive and notoriously difficult to
study in nature, research seems most feasible when focused on non-endangered and
comparatively abundant species like some rattlesnake species in the Southwestern United
States. Ongoing studies show, that these taxa exhibit different spatial patterns in a
sahuaro-cholla dominated desert scrub ecosystem (Beck 1995, Cardwell 2008, Secor
1994). In this study, I investigate the genetic structure of populations of Crotalus atrox,
Crotalus scutulatus, and Crotalus cerastes in Southern Arizona. Additionally, I selected a
site (core area) to investigate possible barrier effects by linear anthropogenic barriers: an
interstate highway and a water canal.

The Western Diamondback Rattlesnake (C. atrox) is a widespread generalist
inhabiting a wide range of habitat types in the southern Arizona semi-arid and desert
ecosystems. Home range size for this species is approximately 5.4 ha (54000 m?) which
is about average when compared to other Crotalus species (Beck 1995). The Western
Diamondback Rattlesnake is the largest venomous pit viper in the western half of the
United States growing up to an adult length of 1676mm with a diet of small vertebrates
including rodents, birds, and lizards (Brennan and Holycross 2006). Due to its large size,
aggressive nature, abundance, and large venom delivery, this species is responsible for
most human envenomations in its home range. Like most crotalids, C. atrox is cryptic
and predominantly a sit and wait predator.

The Mojave Rattlesnake (Crotalus scutulatus) is also among the larger pit viper
species reaching 1270mm in length with a diet of small mammals, lizards, birds, and

toads (Brennan and Holycross 2006). This species is known to have highly neurotoxic
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venom. Home ranges for C. scutulatus are about 5.6 ha (Cardwell 2008). Males show a
range 5 times larger than females. This difference is commonly observed in rattlesnakes
where males travel farther distances in search of females. Habitat consists of desert scrub
and grasslands in the southwestern United States.

The Sidewinder (C. cerastes) is among the smallest pit vipers in Arizona and
grows only to 628mm in length. It eats primarily lizards and rodents. It is unique among
American crotalids in that it moves with a sidewinding motion and has modified horn-
like supraocular scales above its eyes. The sidewinding is thought to aid in movement
across loose substrate such as sand. It often inhabits creosote bush flats (Brennan and
Holycross 2006). Despite its size, C. cerastes has one of the largest activity ranges for
snakes with a mean of 23.2 ha (Secor 1994). This rattlesnake is not considered a danger
to humans due to its low toxicity and venom volume.

To investigate possible fragmentation of wildlife populations by anthropogenic
barriers, I chose the Picacho Peak area as the study site.

It is divided by several such linear barriers, Interstate-10 (I-10 with one set of
railway tracks adjacent to the interstate and a frontage road) and the Central Arizona
Project (CAP) water canal. Study species were selected based on their importance in the
ecosystem (top predators), their suitability for genetic studies of recent change (i.e.
generation time of approximately 3 years), and their abundance and limited motility.
Crotalus atrox, C. scutulatus, and C. cerastes met all these expectations.

I sampled specimens from the core area at three different population sites named

Cattle Tank (CT), CAP, and I-10 and included additional localities for each species in
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Southern Arizona. I used mtDNA sequences and STR data to identify structure between
and within populations. The habitat at the core area on both sides of I-10 between Marana
and Picacho Peak is divided by a six lane interstate highway and the CAP canal.

In this study I address the following questions: (1) What is the genetic structure
and connectivity of different populations of the three rattlesnake species across Southern
Arizona? (2) Do the observed genetic patterns coincide between the species? (3) Do
anthropogenic linear barriers cause population fragmentation?

Additionally, this study intends to provide a large genetic marker set and baseline
data as a wildlife population management tool to be used to assess, monitor, and
eventually mitigate potential impact of linear barriers on wildlife populations. This study
constitutes a baseline for the three rattlesnake species studied, which can serve as a
foundation for follow-up studies to assess the impact of the linear barriers at the study

site long-term.
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MATERIALS AND METHODS

Study sites and potential barriers

To investigate possible barrier effects on the rattlesnake populations I chose a
core study area along I-10 and the CAP canal south of Picacho Peak (lat 32.591313, lon -
111.277355) (Figure 1). I-10 and the CAP canal divide the core study area into three
discrete geographic units which I named Cattle Tank (CT, lat 32.600289, lon -
111.231418), Central Arizona Project (CAP, lat 32.545335, lon -111.324881), and
Interstate 10 (I-10, lat 32.541068, lon -111.324881). The Cattle Tank area is the lushest
of the three sites with the greatest amount of vegetation including creosote bush (Larrea
tridentata), saguaros (Carnegiea gigantea), cholla (Cylindropuntia fulgida), mesquite
(Prosopis sp.), and palo verde (Parkinsonia aculeata). The CAP area represents the area
west of the CAP canal and east of I-10. This area has less vegetation then CT with more
open patches. The landscape is mainly dominated by creosote and mesquite. The sparsest
vegetation is found at I-10 which represented the area west of I-10. The landscape is
dominated by creosote with large open patches in-between. The samples I received form
additional populations away from the core study site varied greatly in habitat. The
Southern Arizona population localities differed between species (Figure 2, 3, and 4).
Southwest Arizona samples were mainly from the Organ Pipe National Park (OPNP), the
Suizo Mountains with habitat similar to CT. The Tucson location represents urbanized
habitat with housing developments. The Cascabel Road location near Benson had
sections dominated by agriculture with open fields and old trees lining Cascabel Rd. The

Northwest Arizona locality is characterized by urbanization with flat desert habitat.
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I-10 was completed between 1956 to 1958 (Figure 5). I obtained traffic data for
the core study area from the Arizona Department of Transportation’s Online
Transportation Data Management System (http://adot.ms2soft.com). The average annual
daily traffic (AADT) at the core study area (highway mile post 220) for the years 2006 to
2009 is shown in Figure 6. Traffic volume per day in March 2011 with Friday and
Saturday having the highest traffic flows and per hour for 9 April 2011 showing 1300 hrs
(1:00 PM) as the traffic peak for Saturday are shown in Figures 7 and 8. These dates were
chosen based on the data available on the website.

The CAP water canal is 336 miles long and diverts water from the Colorado River
to central and southern Arizona for both, agricultural and urbanization purposes

(http://www.cap-az.com/) (Figure 9). The canal was finished in 1995 with no further

alterations. The width of the canal at the study area is approximately 13m across. Where
necessary pumping plants are installed along the canal where water is pumped up to
emerge at a higher elevation to guarantee flow. At the Red Rock pumping station in the
core study area the water runs underground for 2.5 km. This results in a canal gap, which
connects areas above ground on either side of the canal and allows wildlife to move
between both sides. A chain-link fence runs on both sides of the canal.

In this study, I analyzed the genetic diversity and structure of populations of three
Crotalus species at two different geographic levels. First, I studied populations across
Southern Arizona with the core study area at Picacho Peak treated as one population.

Secondly, I studied the snakes at the core study area, which is divided by potential linear


http://www.cap-az.com/
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barrier, in three different populations per species to identify possible fragmentation
effects.

Specimens and tissue sampling

I collected seventy-four Crotalus atrox, thirty-two C. scutulatus, and fifty-eight C.
cerastes at my study sites (Appendix A). I captured the rattlesnakes by using the tong and
tubing method (Lock 2008). Blood was collected with a 1 ml syringe from the caudal
vein, placed in a labeled tube with lysis buffer (a solution containing 5S0mM tris pH 8.0,
50mM EDTA, 25mM Sucrose, and 100mM NaCl, 1% SDS, and later stored at -20°C.
Each specimen was injected with a Passive Integrated Transponder (PIT) for individual
identification in case of recapture and further processed for length, mass, and sex. When
individuals were found dead on the road (DOR), I collected and placed them in a zip-lock
bag to be stored at -20°C. In some instances liver samples were taken from DORs and
placed in lysis buffer. Additional samples from additional locations were obtained from
collaborators (Appendix A, Figure 2, Figure 3, and Figure 4).

For C. atrox, 1 collected a total of 74 samples with 26 from CT, 25 from CAP, and
22 from I-10. Seventy samples were from additional Southern Arizona populations with
38 from Suizo, five from Tucson, 13 from Cascabel, 13 from OPNP, and two from
Northwest Phoenix (Appendix A). All samples were genotyped at 30 STR loci of which
16 cross-amplified from other Crotalus species and 14 were novel species-specific
markers (Table 1).

For C. scutulatus 1 collected a total of 32 samples with six from CT, 13 from

CAP, and 16 from I-10. Twenty-six samples from additional Southern Arizona localities
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with three from the Tucson area, two from the Cascabel population, eight from
Southeastern Arizona (Cochise Co.), and ten from the OPNP and adjacent areas
(Appendix A) were used. All samples were genotyped at 23 STR loci of which 18 cross-
amplified and five were novel species-specific markers (Table 2).

For C. cerastes, I collected 58 samples total with the majority of 40 from CT, 15
from CAP, and four from I-10. Two of the I-10 samples were collected by a collaborator
and were used to supplement the very small sample size at the I-10 study site. Sixteen
samples from additional Southern Arizona localities with five from Maricopa and ten
from OPNP (Appendix A) were used. All samples were genotyped at 23 STR loci of
which 19 cross-amplified and four were novel species-specific markers (Table 3).

DNA Extraction and Amplification

Aliquoted blood samples, 850uL of lysis buffer and SOuL of protein kinase
(ProK, from Invitrogen at 10mg/ml) were added to digest cell membranes and expose the
DNA. Bead based robotic DNA extraction was used to separate genomic DNA from cell
fragments. Extracted DNA samples were quantified with PicoGreen, which binds to
double stranded DNA and emits light (fluorescence), which was measured in a BIO-TEK
FLx 800 TBI Fluorometer. Extracted DNA was stored in lowTE (1X Tris EDTA buffer,
pHS8.0) at -20°C. All DNA samples were normalized to Sng/pL.

Amplification primers

Amplification primers and loci for Crotalus and Sisturus species from the
following literature: Ashton and de Queiroz (2001), Castoe et al. (2007), Clark et al.

(2003), Creer et al. (2003), Douglas et al. (2007), Gibbs et al. (1998), Goldberg et al.
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(2003), Holycross and Douglas (2007), Holycross et al. (2002), Kumazawa, Y (1996),
Lawson et al. (2005), Munguia-Vega (2009), Murphy et al. (2002), Oyler-McCance et al.
(2005), Parkinson et al. (2002), Pook et al. (2000), Wilcox et al. (2002), and Wuster et al.
(2005) (Table 1, 2, 3, and 4) were tested for amplification in the study species. Novel
species-specific markers were isolated for each target species following standard
protocols for enriched microsatellite libraries. Twenty loci were identified for C. atrox,
twelve for C. scutulatus, and 20 for C. cerastes. Of these markers, 23 were used in this
study (C. atrox: 14; C. scutulatus: 5; C cerastes: 4) (Bosse 2010, Bryan 2010). Primer
oligonucleotides were reconstituted with LowTE to 200M concentrations and stored at -
20°C. Aliquots of 20M were made from stocks using HPLC grade water. STR primers
were supplied with M13 modifications at the 5’ end of forward primers and pig tails at
the 5’ end of reverse primers. The M13 sequence (TGTAAAACGACGGCCAGT) acts as
a connecting site for M 13 fluorescence labels necessary for subsequent fragment analysis
(Schuelke 2000). With M13 labels only the required amount is used per reaction allowing
conservation of resources (fluorescent labels used were NET, FAM6, VIC, and PET from
Invitrogen). The pig tail sequence (GTTTCTT) facilitates Taqg DNA polymerase
adenylation resulting in PCR products with equal lengths (Brownstein et al. 1996).
Incomplete adenylation causes double peaks or stutter in the allelic signal from adenosine
overhangs in the fragments.

PCR Amplification and Electrophoresis
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PCR amplification conditions and optimization protocols from an earlier study
where used (Pozarowski 2009). Annealing temperatures and magnesium buffer
concentrations for mtDNA and STR markers are listed in Table 4a and 4b.

PCR products were electrophoretically separated on a 2% agarose gel using 1X
TBE buffer. A mixture of 6uL. PCR product and 4uL Orange Dye Glycerol was run. The
DNA size standard ladder used was a 1kb molecular size standard from Gibco BRL. Gels
were stained with GelStar, a DNA intercalating dye from Lonza Bioscience, for 45
minutes and placed in a UVP LLC digital imager to visualize DNA banding patterns. For
more details, please see Pozarowski 2009.

mtDNA Marker Amplification

Each PCR reaction consisted of 6uL of Sng/uL. DNA amplified in 24puL of master
mix solution. The master mix solution constituted 171uL. HPLC grade water, 30uL
buffer, 24uL of 10mM dNTPs, 6uL forward primer, 6uL reverse primer, and 3uL.
Platinum Taq DNA polymerase (Invitrogen). The thermocycling followed an initial
denaturation temperature of 94°C for three minutes, followed by 35 cycles of a
denaturing temperature of 94°C for 30 seconds, an annealing temperature of 50° C to
62°C for 30 seconds, and an extension temperature of 72°C for one minute per 1kb of
expected PCR product. The last cycle was followed by a final extension temperature of
72°C for three minutes. The specific annealing temperatures are listed in Table 5. The
PCR products were visualized on a 2% agarose gel. An Applied Biosystems 3730XL
DNA Analyzer was used to sequence PCR products. See Table 4 for list of primers.

Sequence editing and alignment
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Sequences were assembled and edited with CLC DNA Workbench 5 (CLCbio
Corp.). Additionally, I used Blastn (GenBank) to compare the four loci to the
Agkistrodon piscivorus mtDNA genome (GenBank: DQ523161.1) to identify the position
of the genes in the mitochondrial genome (Figure 10). The ATPase68 fragment amplified
had a length of 886bp, cytb 1120bp, ND1 1096bp, and ND2 1033bp. The fragments were
distributed over different sections of the mtDNA genome of Agkistrodon piscivorus.
Sequence fragments were concatenated to a 4135p sequence. All following mtDNA
analyses were performed with the concatenated sequences.

STR Marker Amplification

For each reaction, 2puL of Sng/ul. DNA in a 8ulL master mix solution consisting of
5.60uL HPLC grade water, 1uL buffer (corresponding to optimized condition), 0.8uL of
10mM dNTPs, 0.1pL of 20uM forward M13 primer, 0.2uL of 20uM reverse primer,
0.2uL of 20uM M13 label, and 0.1u Platinum Taq DNA polymerase. The PCR protocol
was the same as the mtDNA PCR except that the extension cycle was only 30 seconds
and a cycle step before (15 cycles) the STR annealing cycle was for annealing the M 13
label (Table 6). The reaction products were visualized in a 2% agarose gel using the same
conditions as stated previously. Please see Table 1, 2, and 3 for locus names.

Fragment Analysis

STR PCR products were submitted to fragment analysis. Fragment analyses
allows for four different color channels resulting in PCR products with four different
fluorescent label colors to be mixed based on peak intensity and size. PCR products

which exhibited consistently higher fluorescent intensity (higher peaks) were mixed at a
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relatively smaller concentration with PCR products which exhibited lower fluorescent
intensity (lower peaks). I tried to avoid overlapping allelic ranges in each fragment
analyses mix to avoid noise (bleed-through) between different marker color channels.
Fragment Analysis was performed on an ABI PRISM® 3730 DNA Analyzer at the
University of Arizona Genetics Core (http://uagc.arl.arizona.edu/index.php/fragment-
analysis.html). A ladder or size standard is mixed with the amplified DNA fragments.
Capillary electrophoresis is then performed where the capillaries are filled with a polymer
separating fluorescently labeled DNA fragments, which are read by a sensor when
passing by.
Data Analysis

GENEMARKER v1.85 from SoftGenetics was used for interpreting the fragment
analysis results and to make scoring bins and panels to be used for each marker run. I
sequenced selected homozygous samples for each STR to confirm the identity of the PCR
product and to identify the number of repeats. For parameter settings, I selected auto
range, peak saturation, baseline subtraction, pull-up correction, and spike removal under
Raw Data Analysis. The size call was local southern. In Allele Call, I selected Auto
Range to start at 100 and end at 1000. Intensity was 50 with a percentage of one and the
max call intensity at 30000. I chose these settings to maximize the amount of data and to
filter noise with the range and the intensity of the products unknown.

I used Earth Point (http://www.earthpoint.us/) to convert samples with UTM
coordinates to latitude and longitude coordinates to be plotted in Google Earth

(http://www.google.com/intl/en/earth/index.html). The online application GPS Visualizer
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(http://www.gpsvisualizer.com/) was used to plot coordinates with both Google Earth and
Google Maps software.

Sequence reads were assembled with CLC DNA Workbench 5.1.1 (CLCbio). To
align sequences I used MUSCLE (Edgar 2004) as implemented in CLC DNA
Workbench.

T'used DNAsp 5.10.01 (Librado and Rozas 2009) to identify polymorphisms from
aligned DNA sequences at both within and between population levels. A coalescent
estimation approach was employed to compare fixation indices; meaning genetic
differences from genetic drift alone were taken into account. This program was also used
to estimate population level parameters and their variances including the number of
haplotypes (Nh), haplotype diversity (h), nucleotide diversity (phi), and number of
segregating sites. I tested for equilibrium departures of neutrality and possible population
expansion or contraction with Tajima’s D statistic (Tajima 1989) and by plotting the
frequency distribution of pairwise differences in mtDNA sequences (mismatch
distribution, Rogers & Harpending 1992). I calculated the R; statistic which is based on
the difference between the number of singleton mutations and the average number of
nucleotide differences. This test indicates population expansion or contraction and
performs well for small sample sizes. Significantly large negative Tajima’s D values and
significantly positive Roza’s R2 values indicate population expansion. A mismatch
distribution plot was produced for each of the Crotalus species.

ARLEQUIN 3.5.1.2 (Excoffier et al. 1992) was performed to estimate F-statistics

and variance components of both mtDNA and STR data. Significance of F-statistics was
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tested by 1000 permutations under the null hypothesis of panmixia. Nei’s average
pairwise genetic distance and exact tests of population differentiation were also computed
within and between populations. Nei's net number of nucleotide differences is expected to
increase linearly with divergence times between the populations (Nei 1987). I tested for
significant deviations in haplotype and genotype frequencies by the infinite-alleles
(Slatkin 1995) and infinite-sites models (Tajima 1989).

Median joining haplotype networks were constructed from aligned DNA
sequences for each species using NETWORK 4.5.1.0 (Fluxus Engeneering, Rohl 2002).

I used MrModeltest 2.3 (Nylander 2004) to find an appropriate model of
nucleotide substitution for the mtDNA dataset.

Iused MRBAYES 3.1 (Huelsenbech and Ronquist 2001) to estimate a phylogeny
by using Bayesian algorithms and the Markov chain Monte Carlos (MCMC) method for
posterior probability. [ ran MrBayes with the SYM model of nucleotide substitution as
suggested by the AIC values in MrModeltest for 10,000,000 generations, with one heated
and three cold chains sampled every 500 generations in four independent runs. A 50%
majority rule consensus tree was generated with the sumt command.

TRACER 1.5 (Rambaut and Drummond 2007) was used to check mixing and to
choose a suitable burnin. Burnin was set to 1,000,000 generations. Agistrodon
piscivorous (GenBank DQ523161.1) was used as an outgroup.

The program RAXML 7.0.0 (Stamatakis 2006) was used for inferring phylogenies
based on the maximum likelihood method. I chose GTRCAT as a nucleotide substitution

model and designated Agistrodon piscivorous as an outgroup. Phylograms were
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generated with the concatenated mtDNA sequence together using maximum parsimony
(MP) and maximum likelihood (ML). MP and ML reconstructions were run using user-
defined parameters. I set bootstrap replicates to 1000 and generated node support values.
STR Analysis

I used the online version of GENEPOP 4.0.10 (Raymond and Rousset 1995,

http://genepop.curtin.edu.au/) to identify linkage disequilibrium, estimate Fst values,

heterozygosity, and number of migrants. GENEPOP is a population genetics software
package that provides a variety of tests for genotypic data. I performed analyses of
Hardy-Weinberg equlibirium, Linkage disequilibrium, Nm, and Fst and other correlations
for all markers and with/without population priors.

For Hardy-Weinberg estimations, probability tests were selected for each locus in
the population. The rejection zone is defined by the probability of the observed sample.
The P-value of the test corresponds to the sum of probabilities with the same or lower
probability. Complete enumeration of alleles was not selected since this algorithm is
recommended for less than five alleles. Markov chain parameters were set to 100 batches
with 1000 iterations per batch. The log likelihood ratio statistic for each pair of loci in
each population was selected for genotypic disequilibrium. A probability test was
performed on each contingency table created for each sample with all pairs of loci. The
Nm calculation with the private allele method provides a multilocus estimate of the
effective number of migrants (Nm) according to Slatkin (1985). The idea is to observe
allelic differentiation among the population that is of migrant origin. For F estimation,

allele identity for all population pairs was selected with diploid selected for ploidy.
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Multilocus estimates are computed as in Weir and Cockerham (1984). F is the
measurement of the allelic diversity within a population relative to the entire population
in question. Nm is the expected number of migrants exchanged among populations each
generation.

I used MICROCHECKER 2.2.3 (Brookfield 1996; Chakraborty et al. 1992) to
identify null allele frequencies and heterozygosity, and to correct for data inconsistencies
(such as DNA degradation) using the Oosterhout method (Van Ooosterhout et al. 2004).
The programs application was designed to account for the common issues of null alleles,
large allele dropout, and stuttering. Null alleles occur when mutations take place at the
flanking region preventing the primer to anneal preventing replication of the target STR
sequence. The STR fragment may be present in a sample but will not amplify. Large
alleles occasionally do not amplify as well as smaller alleles due to the competitive nature
of PCR dynamics.. Stuttering represents slight size change in amplification products,
which represent amplification errors in the exact number of motif repeats. Stuttering is
most often seen in dinucleotide motif STR amplifications. Expected homozygote and
heterozygote allele size difference frequencies were generated using a Monte Carlo
simulation method. Expected allele frequencies and the frequency of any null alleles were
inferred from Hardy-Weinberg methods.

The motif types were entered for each marker (di-nucleotide, tri-nucleotide, tetra-
nucleotide, etc.) and the maximum expected allele size set to 450. A confidence interval
of 95% was set for the Monte Carlo simulations. The software highlights data suspect for

null alleles and correction suggestions are provided. Ireviewed the results for each
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marker, and noted the frequency of expected (Monte Carlo simulated) and observed
homozygosity. The initial analysis indicated whether null alleles, stuttering, or large
allele drop out is evident. Estimate allele frequencies and adjusted genotypes were
selected to give allelic corrections for each marker. I used the Oosterhout algorithm for
the corrections. Zeros are entered replacing second homozygote signatures to reflect the
estimated number of homozygotes versus heterozygotes. The corrected genotype data
was then used in further analysis.

ARLEQUIN was used with the STR data as it was used for the mtDNA data listed
in the mtDNA section. I estimated F-statistics and variance components. Significance of
F-statistics was tested by 1000 permutations. I tested for significant deviations of
genotype frequencies by the infinite-alleles (Slatkin 1995) and infinite-sites models
(Tajima 1989).

The program STRUCTURE 2.3.3 (Pritchard et al. 2000) was used to identify K
values for each species that is the proportion of assignment of individuals to populations
using a Bayesian clustering method. The Southern Arizona populations (with the core
sites treated as one population), core sites (as three populations), and pairwise
comparisons of the core sites were analyzed. For the Southern Arizona populations, K=1-
16 was performed for C. atrox, K=1-12 for C. scutulatus, and K=1-10 for C. cerastes
(each of the species was represented by different numbers of Southern Arizona
populations which led to different maximum numbers of K tested). For the core sites with
three populations, a K=1-5 was performed. For every core population pair (CT to I-10,

CT and CAP, CAP to I-10), ten independent runs of K = 1-5 were performed All runs
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were at 100,000 Markov chain Monte Carlo repetitions with a burnin set to 10,000. Both
location prior and no location prior runs were incorporated (LOCPRIOR, uses sampling
locations as prior information to assist clustering), admixture was assumed (individuals
may have mixed ancestry), and the model with correlated allele frequency was selected.

The output data from STRUCTURE were analyzed using CORRSIEVE 1.6-3
(Campana et al. 2011) which uses the RUBY framework. This software helps to assume
the number of subpopulations. The program summarizes STRUCTURE output files and
performs tests to help determine meaningful values of K by estimating delta K and delta
Fst values.

I used GENELAND (Guillot et al. 2005), another Bayesian clustering program,
which finds population structure using genotypic data and allows geographic coordinates
as a prior. The number of population minimum was one and the maximum was different
for each species. Iterations were set to 100,000 with a thinning of 100. The correlated
frequency model was used assuming that allele frequencies tend to be similar in different
populations. The spatial model was selected since spatial patterns are assumed to limit
gene flow. The null allele computation step was selected. The K values from
GENELAND were compared to those of STRUCTURE.

['used ISOLATION BY DISTANCE 3.16 (Jensen et al. 2005), an online
application to detect spatially limited gene flow by the model that a decrease in genetic
similarity corresponds to an increase in geographic distance between given populations.
Statistical tests were conducted on all the Southern Arizona populations and on the core

area alone. For Southern Arizona, I followed the IBDWS (http://ibdws.sdsu.edu/~ibdws/)
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instructions and used populations as geographic units. The core area was treated as one
population. For a separate analysis to test for isolation by distance within the core area, I
treated each individual as one population. Fst values were calculated in GENEPOP using

the program ISOLDE. The distance matrix in km was created with Geographic Distance

Matrix Generator v1.2.3 (Ersts, http://biodiversityinformatics.amnh.org/open_source/gdm
g). The Southern Arizona tests were run for both, mtDNA and STR data while core sites
were analyzed for STR data only.

The number of randomizations was set to 1000. Analysis on Logarithmic genetic
and geographic distance was performed. Genetic distances of zero were set to 0.0001
when log-transforming the genetic distance. I analyzed the data with Slatkin’s similarity
index of M=((1/FST)-1)/4 (Slatkin 1993). M[max] was set to 1000 (taking into account

when two populations are fixed for the same allele).
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RESULTS

Population genetics and phylo-geography in Southern Arizona

Crotalus atrox

For C. atrox, linkage disequilibrium was observed between three pairs of loci.
One locus of each linked pair (Ca2-81, Crti47, and Scu07) was removed from further
analysis based on amount of missing data, motif length, and allelic richness. Twenty of
the 27 markers had P-values that showed statistical significance for Hardy-Weinberg
equilibrium (P<0.050). Three markers (Ca2-64, MFR15, and MFR23) possessed high P-
values (0.74, 0.74, and 0.77) (Table 1).
Population Differentiation

Measures of pairwise Fg estimates between populations for mtDNA and STR data
are shown in Table 7. The mtDNA Fy; values for Southern Arizona in C. atrox ranged
from 0.014 to 0.391. STR F; values varied compared to mtDNA values. Southern
Arizona populations for STR ranged from 0.000 to 0.038. The Suizo Mnts and core area
populations showed the most genetic similarity with the lowest significant Fy for mtDNA.
Northwest Arizona and Tucson had the largest population difference. For STR data,
greatest genetic similarity was seen between the same populations as in mtDNA.
Southwest Arizona and Tucson populations however had the greatest genetic difference
between populations studied.
mtDNA polymorphism

DNA polymorphism and population demography was determined for each

species. A large number of haplotypes were observed for the different populations (Table
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8). For C. atrox, an even number of haplotypes was seen across the core area populations
(Nh=18 for CT, Nh=17 for I-10, Nh=18 for CAP). The largest number of haplotypes was
seen at the Suizo Mtns population (Nh=33) and the smallest number was seen at the
Tucson population (Nh=5), likely due to the small sample size. A total of 100 haplotypes
were observed across the populations. Haplotype diversity was greater at the Suizo Mtns
population (h=0.986) and the least at the Tucson, S.W. Arizona, and Cascabel
populations (h=1).

Although population expansion test statistics were uniformly negative, not all
were statistically significant for C. atrox. Tajima’s D values were not significant for most
populations except Suizo Mtns (D = -1.948) and the total of all populations (D = -2.389)
indicating no evidence of selection on these loci as a neutral model could not be rejected
and possible population expansion (Tajima 1989). Significantly positive R, values were
taken as evidence of a population expansion (0.111 for the Tucson population). All
values for C. atrox were positive. These results are summarized together in Table 8. The
mismatch distribution plot followed expectations under a single expansion model (Figure
11).

Phylo-geography and haplotype network analysis

Phylogenies were constructed following a Bayesian and maximum likelihood
approach. Little to no phylogenetic pattern was observed in C. atrox with both methods.
Branch lengths were short indicating little genetic distance and no bootstrap and posterior

probability supported clades are observed (Figure 12). The haplotype network (Figure 13)
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shows a typical star pattern with numerous haplotypes characterized by one or few
substitutions which do not form distinct groups.
Genotypic diversity

Statistical support for Hardy-Weinberg equilibrium, expected and observed
heterozygosity, and Fj; were calculated for each marker and population. The number of
alleles at each marker was high with only three markers showing ten or less alleles (Table
1). The average expected heterozygosity (H.) between populations observed for C. atrox
was 0.827 with a range of 0.809 to 0.844 (Table 9). The highest observed heterozygosity
was 0.820 for N.W. Phoenix. In the marker comparison, some indication for inbreeding
was observed with Fjs values ranging from -0.030 to 0.500 for C. atrox. A high F; implies
considerable inbreeding. Observed heterozygosities in six markers showed significant
difference of about 20 or more to the expected heterozygosities for C. atrox. The number
of migrants calculation in GENEPOP was Nm=2 for this species.
Population structure

Figure 14 shows the results from STRUCTURE for C. atrox reflecting Southern
Arizona. The analysis indicates four populations with OPNP, Tucson, and Cascabel
representing one. The Tucson and N.W. Phoenix populations have similar genotypes.

GENELAND gave similar results to STRUCTURE with a few discrepancies. For
Southern Arizona, GENELAND found four populations with OPNP and Cascabel being
distinct, Tucson and CAP as one population, Suizo and Cattle Tank as one population,
and N.W. Phoenix and I-10 as one population (Figure 15).

Isolation by Distance
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IBD was done with both mtDNA and STR data for Southern Arizona. The points
on the graphs represent the different distances between the populations in question. In the
Southern Arizona graph, no strong correlation was observed for the mtDNA for C. atrox
(Figure 16). The points are scattered without a poor linear correlation with r?=0.162 (p=
0.880). The STR graph showed very little correlation with majority of points possessing
the same genetic variance. The p-value is 0.050 and r* is 0.115.

Crotalus scutulatus

For C. scutulatus, linkage disequilibrium was not observed between loci.
Independence among loci was assumed in subsequent analysis. Ten of the 23 markers had
P-values that showed statistical significance (P<0.050) for Hardy-Weinberg equilibrium
(Table 2). The markers Crtil0, CS2340, and CwD15 had high P-values (0.730, 0.850, and
1.000).

Population Differentiation

Measures of pairwise Fg estimates between populations for mtDNA and STR data
are shown in Table 10. For C. scutulatus, mtDNA F values ranged from 0.280 to 0.728.
The Tucson and East Tucson population comparison had the greatest genetic difference
with Tucson and the core area sharing the greatest similarity. STR F values for Southern
Arizona were much lower ranging from 0.008 to 0.040.
mtDNA polymorphism

DNA polymorphism and population demography was determined for each
species. A large number haplotypes were seen for the different populations (Table 11).

Crotalus scutulatus showed fewer haplotypes. The largest number of haplotypes was seen
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at [-10 (Nh=12) with the least amount at Cascabel and Tucson (Nh=2). The haplotype
diversity for I-10 was 0.962 with Cascabel and Tucson having a haplotype diversity of
one. Only two individuals were in the Cascabel population and therefore haplotype
diversity is unknown. A total of 44 haplotypes were observed across the populations.

Population expansion test statistics shared the same pattern for C. scutulatus as
the previous species. Analysis failed for Tucson and Cascabel Rd populations because of
small sample size. Tajima’s D were not significant for most populations except the CAP
core area site (D = -1.776) and the total of the populations (D = -2.056), indicating no
evidence of selection on the loci and population expansion. All Roza’s R values for C.
scutulatus were positive indicating population expansion. These results are summarized
in Table 11. The mismatch distribution plot showed the same result as for the previous
species with the observed pair-wise differences plot exhibiting a slightly lesser fit to the
expected expansion model than the C. atrox data but overall still following the one
expansion model (Figure 17).
Phylo-geography and haplotype network analysis

Phylogenies were constructed following a Bayesian and maximum likelihood
approach. In C. scutulatus, the derived phylogeny exhibits several supported clades
(Figure 18). However, the phylogenetic clades do not correspond to the geographic
populations but represent haplotype lineages. A slight exception to this is the OPNP
population with all samples represented in two distinct non-monophyletic clades with the
exception of only one sample (CSPR004). All major clades are supported by bootstrap

values and posterior probabilities above 70 and 95%. Specimens from the core area did
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pattern in the phylogram (Figure 19). Haplotypes found in core area populations are
found in other locations too.
Genotypic diversity

Statistical significance, expected and observed heterozygosity, and Fjs were
calculated for each marker and population (Table 2 and 12). The number of alleles at
each marker was high for all species with only twelve markers showing eight or less. In
C. scutulatus, expected heterozygosity averaged across loci ranged was from 0.768 to
0.836 for Southern Arizona (Table 12). The lowest heterozygosity observed was for the
Cascabel Rd population. Some indication for inbreeding was observed with Fjs values

ranging from 0.070 to 0.420 for C. scutulatus. Compared to the observed
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heterozygosities, for C. scutulatus, four markers were significantly different for observed

heterozygosity. The number of migrants calculation in GENEPOP was Nm=2 for this
species, meaning the expected number of migrants exchanged among populations each
generation is two.
Population structure

Figure 20 shows the results from STRUCTURE for C. scutulatus reflecting
Southern Arizona. A K-value of two (K=2) was observed placing OPNP into a
population and all other localities into one cluster. The figure shows the population
assignment percentages to more likely support a single population for the Southern

Arizona populations. The same genotype is shared across the populations at a high

percentage. The core area shares a small percentage of another genotype overall showing
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only two genotypes represented in the population. GENELAND indicated the presence of
two populations with OPNP as one population and the additional populations as another
for the Southern Arizona analysis (Figure 21).
Isolation by Distance

IBD was analyzed for both, mtDNA and STR data, for Southern Arizona. The
points on the graphs represent the different distances between the populations in question.
For C. scutulatus, the graph shows no correlation for the mtDNA (Figure 22). The
value was 0.090 and the p-value was 0. 740. The STR results were similar to that of C.
atrox with lower supporting 1* and p-values (0.027, 0.300).

Crotalus cerastes

For C. cerastes, linkage disequilibrium was seen between one pair of loci. One of
these loci was removed from further analysis based on motif, and allelic richness, and
missing data. Fourteen of the 22 markers had P-values showing statistical significance
(P<0.050) for Hardy-Weinberg equilibrium (Table 3). Marker CC227 had the highest P-
value of 0.500.

Population Differentiation

Measures of pairwise Fg estimates between populations calculated for mtDNA
and STR data are shown in Table 13. The C. cerastes mtDNA F values for Southern
Arizona ranged from 0.017 to 0.372. STR F values showed less difference then the
mtDNA F; values (0.023 to 0.058). The mtDNA F values in C. atrox and C. cerastes are
very similar, and STR F; values in all three species are similar.

mtDNA polymorphism
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DNA polymorphism and population demography was determined for each
species. A number of haplotypes were seen at the different populations (Table 14).
Crotalus cerastes showed the least amount of total haplotypes (Nh=28) between the
species. The least number of haplotypes was observed in the Maricopa population (Nh=1)
with only one specimen. The haplotype diversity was greatest for CT (h=0.835) and least
for I-10 (h=1). Maricopa could not be analyzed for haplotype diversity because there
were not enough samples.

Population expansion statistics were negative for a number of the populations, but
none were statistically significant for C. cerastes. Analysis failed for one population for
lack of samples (Maricopa). Tajima’s D was not significant for all populations indicating
no evidence of selection on these loci and population expansion. All Roza’s R values for
C. cerastes were positive indicating population expansion. These results are summarized
in Table 14. The mismatch distribution plot violated expectations under a single
expansion model and exhibited two possible expansion events (Figure 23).
Phylo-geography and haplotype network analysis

Phylogenies were constructed following a Bayesian and maximum likelihood
approach. Crotalus cerastes phylogenies exhibit the most resolved pattern with five
supported major clades (Figure 24). As seen in C. scutulatus, the geographic populations
do not correspond to the phylogenetic pattern observed for C. cerastes. A slight exception
were OPNP samples which generally show a more basal position in the phylogenetic tree.
The core area samples were intermixed and did not form distinct clades. The haplotype

network reflects the general pattern observed in the phylogenetic analyses with the OPNP
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samples separated by larger numbers of substitutions from samples from other
populations and forming a partial group (Figure 25).
Genetic diversity

Statistical significance, expected and observed heterozygosity, and Fjs were
calculated for each marker and population (Table 3). The number of alleles at each
marker is high for all species. Only 6 markers in C. cerastes showed eight or less alleles.
Crotalus cerastes exhibited an expected heterozygosity range for Southern Arizona of
0.749 to 0.779. Crotalus cerastes had the lowest of the values as compared to the other
species (Table 15). Some indication for inbreeding was observed with Fjs values ranging
from -0.060 to 0.620 for C. cerastes. Compared to the observed heterozygosities, C.
cerastes had four markers showing a significant difference between the expected and
observed heterozygosities. The number of migrants is Nm=2 for this species.
Population structure

Figure 26 shows the Bayesian genotype assignment results for C. cerastes
reflecting Southern Arizona. A K-value of three (K=3) was observed placing Maricopa,
OPNP, and the core area into their own populations. GENELAND indicated the presence
of three populations with OPNP, Maricopa, and the core area as their own populations for
this analysis which matches the result observed in STRUCTURE (Figure 27).
Isolation by Distance

IBD was done for both, mtDNA and STR data. The points on the graphs represent
the different distances between the populations in question. A negative correlation

between genetic similarity (M (log)) and the log of geographical distance between



42

populations was observed for C. cerastes using mtDNA data (Figure 28). The STR IBD
showed a positive correlation instead (Figure 28). The IBD values for the mtDNA and
STR data were not statistically supported (mtDNA: r*=0.477, p-value=0.33; STR:
’=0.194, p-value=0.660). There is no statistical support for isolation by distance.

Picacho Peak Core Area Populations Analyses

Crotalus atrox
Population Differentiation

Measures of pairwise Fg estimates between populations for mtDNA and STR data
are shown in Table 16. Values ranged from 0.011 to 0.048 for mtDNA data. STR F
values for this species ranged from 0.011 to 0.020 with CT and I-10 showing the greatest
difference. Both mtDNA and STR data showed CT and I-10 having the greatest genetic
difference with CAP and I-10 exhibiting the least difference between the two
populations.
Genotypic diversity

Number of alleles, expected, and observed heterozygosity were calculated for
each marker and population. The average expected heterozygosity (H) (between
population) observed for C. atrox was 0.824 with a range of 0.822 to 0.827 (Table 9).
These values were all higher than the observed heterozygosities ranging from 0.681 to
0.820 with an average of 0.747. Number of alleles ranged from twelve to thirteen.
Population structure

Figure 29 shows the results from STRUCTURE for the core area. Three

populations (K=3) were observed when analyzing just the core areas. The Cattle Tank



43

and CAP populations were grouped together as one population with I-10 as its own
population. For the pairwise comparison between the core sites, two distinct populations
(K=2) are observed for Cattle Tank compared to I-10. One sample at I-10 had the same
genotype as the Cattle Tank samples (Figure 30). Cattle Tank compared to I-10 showed
similar genotypes for both populations with four samples from CAP resembling the
genotype of Cattle Tank. CAP and I-10 showed the same pattern as the Cattle Tank/I-10
comparison (Figure 30).

GENELAND gave similar results to STRUCTURE with a few discrepancies. For
the core area, four populations were identified. The core area (Cattle Tank, CAP, and I-
10) mainly clustered into their respective populations. A few samples from each
population shared the signature of the neighboring populations. Cattle Tank shared one
sample with CAP, CAP shared one sample with I-10, and I-10 shared two samples with
CAP. The fourth population found was four samples from CAP. The farthest north -
south samples along I-10 of the CAP core site were grouped into their own population.
For the core site comparisons, GENELAND indicated four populations comparing Cattle
Tank to CAP, two populations between CAP and I-10, and two populations between
Cattle Tank and I-10 (Figure 31). GENELAND identified more populations than
STRUCTURE.
Isolation by Distance

IBD analysis was performed with STR data for the core area (Figure 32). The

points on the graphs represent the different distances between samples. For the STR
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graph there did not appear to be any correlation between geographic distance and genetic
similarity as observed in the r* and p-value (0.006, 0.05).

Crotalus scutulatus

Population Differentiation

Measures of pairwise Fg estimates between populations for mtDNA and STR data
are shown in Table 17. All Fst values were low. For C. scutulatus, mtDNA F values
ranged from 0.000 to 0.052. Core area population Fy values ranged from 0.008 to 0.028.
CAP and I-10 were the most genetically similar with the largest Fg value for mtDNA. CT
and I-10 for STR data had the largest F indicating these populations to be the most
distinct among the other populations.
Genotypic diversity

In C. scutulatus, expected heterozygosity range was from 0.819 to 0.835 in the
core area (Table 12). Number of alleles ranged from seven to eleven. Expected
heterozygosities were higher than the observed ranging from 0.734 to 0.795 and
averaging 0.751.
Population structure

Figure 33 shows the results from STRUCTURE for C. scutulatus reflecting the
core area. A K-value of three was set (indicated by the three different genotype colors)
but a population of one was observed indicating little difference between core sites. Three
samples from I-10 exhibited unique signature compared to the other I-10 samples. The
previous result was also observed for the pairwise comparisons between the core sites

with the Cattle Tank and I-10 comparison with two I-10 samples showing a somewhat
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different genotype compared to others (Figure 34). All comparisons indicated a true
K=1. GENELAND indicated the presence of one population when just the core area was
analyzed (Figure 35). All the pairwise comparisons showed a population of two (Figure
35).
Isolation by Distance

IBD was performed with STR data for the core area. The points on the graphs
represent the different distances between two samples. The samples at the core area for
STRs showed no correlation supporting isolation by distance and exhibited low r* and p-
values (0.034, 0.010). Majority of samples shared a genetic distance of one according to
the graph (Figure 36).

Crotalus cerastes

Population Differentiation

Measures of pairwise Fg estimates between populations calculated for mtDNA
and STR data are shown in Table 18. The C. cerastes mtDNA F,; values for the core area
populations showed a large difference in range compared to the other species (0.008 to
0.228). STR F values showed less difference then the mtDNA F; values with the core
area (0.012 to 0.027). The mtDNA F values in C. atrox and C. cerastes are very similar.
Genetic diversity

Number of alleles, expected, and observed heterozygosity were calculated for
each marker and population. C. cerastes exhibited an expected heterozygosity range of
0.766 to 0.779 for the core area. C. cerastes had the lowest of the values as compared to

the other species (Table 15). The observed heterozygosities were lower than the expected
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ranging from 0.685 to 0.762 and averaging 0.710. The number of alleles ranged from four
to eleven across all markers.
Population structure

Figure 37 shows the results from STRUCTURE for C. cerastes reflecting the core
area. A true K-value of one (K=1) was observed indicating no difference between core
sites. The previous result was also observed for the pair wise comparisons between the
core sites in each comparison (K=1) (Figure 38). GENELAND indicated the core area
having only one population (Figure 39). Of the pairwise comparisons, Cattle Tank to
CAP and Cattle Tank to I-10 showed a population of two (Figure 39). CAP to I-10
showed a population of one.
Isolation by Distance

IBD was done with STR data for the core area. The points on the graphs represent
the different distances between two samples. The core area exhibited the same results as
the other species for STR data giving 0.053 for r* and 0.000 for p-values (Figure 40). The

majority of samples share the same genetic distance as geographic distance increases.
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DISCUSSION

Understanding the movement of individuals within and among populations can be
challenging and identifying impeded connectivity resulting from human-induced barriers
in a population even more so. Many factors affect the genetic setup of a population and
its integrity and sustainability. Major changes in population connectivity or geneflow
between populations can lead to severe impacts on the population and can result in local
extinctions. This study tries to unravel population movements at a larger scale (Southern
Arizona) and focus on the effects of barriers (I-10 and CAP) at a smaller scale (the
Picacho Peak area, Pinal County) in three different rattlesnake species. Two types of
genetic markers allowed me to gain insight at a deeper historical level (mtDNA) and to
investigate more recent effects on inter- and intra-population level (STRs).

Southern Arizona

Crotalus atrox

Generally, my analysis provided fixation indices (F) across the Southern Arizona
populations with mostly low to very low Fg values for mtDNA and STR data indicating
substantial geneflow between the Southern Arizona populations. For C. atrox mtDNA
data, the core area compared to the Suizo Mtns (the closest population) showed a very
low value indicating similar allelic frequencies between the populations. This is in
agreement with the Suizo Mtns being only 7.5 km from CT and the core area with
migration between the sites likely.

The next population farther away from the core area, Tucson, exhibits an Fy of

0.090 showing greater difference due likely to lesser connectivity between the
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populations. Tucson is 51 km away from the core area. Northwest Arizona had the
highest Fg values compared to other populations. However, this population is represented
by only two samples. Additional samples are needed for a representative evaluation of
this population and its relationship to others.

The STR Fg; values were lower in degree than the mtDNA except for one
comparison between Tucson and Cascabel Rd. The general patterns between the two
appeared the same. The mtDNA value however had a small sample size for Tucson with
only four samples. The pattern seen with the mtDNA Fy; values is not reflected in the
STR. The values do not follow with Northwest Arizona having greater similarity to
Cascabel (0.003) than the core area to Suizo (0.006). However these values are close to
zero. Overall these values are very low with slight differences between populations for
this species which could allow for noise.

Isolation by distance

Isolation by distance is the relationship between genetic differentiation and
geographical distance which can be tested (Brouat et al 2003). Testing this relationship
depends on large enough sample size and sufficient genetic population differentiation.
For mtDNA data in C. atrox, no correlation was observed with samples having varying
similarities with varying distances indicating either one large population or restricted
gene flow between isolated pockets. Restricted gene flow would be unlikely however
since C. atrox is very abundant generalist. In C. atrox the likely scenario is one large

population as indicated in the haplotype network and phylogram supporting one large
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population. The STR data IBD analysis indicates the same degree of genetic similarity
over different distances also supporting one large “panmictic” large population.
Population genetic diversity

The genetic diversity among populations was considerable. All heterozygosities
are high indicating no population bottlenecks. Observed and expected heterozygosities
were relatively similar with observed almost always being slightly lower. This can be
explained by incomplete sampling and the possible presence of null alleles. Null alleles
are a common occurrence in population genetic studies using microsatellites. Since a null
allele has the appearance of a deletion, the heterozygosities and subsequent diversity can
be misrepresented (Chapuis and Estoup 2007). Null alleles were corrected for with
MICROCHECKER so therefore the difference may be just a sampling effect. In C. atrox,
one population had a higher observed value meaning increased heterozygosity. This was
the N.W. Arizona population which had a sample size of only two samples therefore no
conclusions can be drawn for that population.
mtDNA Diversity

In my analysis of mtDNA diversity over the different geographical units of
Southern Arizona, C. atrox shows a high haplotype diversity of 0.989. The pattern of a
high haplotype diversity and low nucleotide diversity in C. atrox implies a large number
of haplotypes which are only different in a small number of nucleotides. This pattern was
observed in Crotalus horridus (Clark et al. 2003). An explanation is that C. atrox has a
large population with a low mutation rate. Crotalus atrox in Southern Arizona represent a

large population without any historic population contraction events. However the



50

phylogram shows no distinct monophyletic geographic groups but lacks phylogenetic
resolution. In other words, despite the large diversity there is no phylogenetic signal
defining groups. This shows that dispersal within and between populations overtime is
sufficient for an even distribution of haplotypes over the geographic area investigated.
The haplotype network for C. atrox (Figure 13) affirms this with haplotypes showing a
typical star pattern with no geographic correlation.

Negative values for Tajima’s D, positive values for Roza’s R2, and mismatch
distribution pattern suggest past population size changes from expansion. The mismatch
distribution plot showed almost perfect alignment of expected and observed pairwise
differences assuming a single expansion model. This implies one single historic
expansion for C. atrox for Southern Arizona possibly resulting from Pleistocene climatic
cooling forcing species into refugia of survivable habitat (Morafka et al. 1992). More
data is needed to solidify this assumption however. Castoe et al. 2007 showed a single
expansion for C. atrox in Southern Arizona. They showed multiple expansions over the
United States. A biological explanation is that C. atrox is a large snake, a habitat
generalist (Campbell 2004), and opportunistic eater allowing it to adapt easily to
changing conditions compared to more specialized and possibly smaller species of the
genus such as C. cerastes which is restricted to sandy desert regions.

Population assignment

Population genetic structure by Bayesian assignment analysis based on STR data

for C. atrox revealed differentiation. The number of supported assignment clusters

(“populations”) for C. atrox was determined to be K= 3 in STRUCTURE (without
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geographic priors) and K=4 in GENELAND (with geographic priors). This is different
from results based on mtDNA data which indicate only one population but not surprising
as STR markers mutate much faster and are based on the whole population including both
sexes. Both southern populations (Cascabel Rd and Southwest Arizona) were grouped
together in one cluster (sharing the assigned genotype in Figure 14). The amount of this
genotype represented in each population decreases northward with the Northwest Arizona
and the core area showing the least. The opposite is observed for the northern population
clusters (sharing the assigned genotype in Figure 14) which is most apparent in the core
area populations and then becomes rare further south in the populations.

Crotalus scutulatus

For C. scutulatus with mtDNA data, the core area compared to Tucson (the
closest additional population) showed the lowest value compared to the other pairwise Fst
values. The next population, Northwest Arizona had a higher significant value. The
pairwise comparisons that had the largest Fst values were the most distinct populations
between West Tucson and East Tucson populations and from Tucson to East Tucson.

When STR F values were compared to mtDNA Fg values, there was a large
difference. The STR values were much lower not exceeding 0.040 but still had a similar
pattern as shown by the mtDNA values. What could explain this large difference in
mtDNA versus STR data is female versus male dispersal. As for many snake species,
males will disperse and travel long distances in search of females to breed (Jellen et al.
2007). Female rattlesnakes have smaller home ranges and do not disperse as far as males.

Only female rattlesnakes will pass their mtDNA to the offspring with no contribution by
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males. Taking this into consideration the mtDNA pattern observed may represent the
more localized female distribution pattern. STRs are passed on by both, male and female,
to the offspring and new alleles are possibly regularly contributed by males with their
greater dispersal. Overall, mtDNA shows considerable differences between Southern
Arizona populations, relatively, which is not observed in the STR data.

Of all the species, C. scutulatus showed the most significant results in that sex
biased dispersal may affect mtDNA differences based on one female group to another
which could not be seen with the STR marker set alone. This is an explanation that needs
further investigation. Why the other species do not show this pattern could relate to their
breeding behaviors, including how far males disperse, females disperse, and how many
individuals are actually breeding (effective population size).

Isolation by distance

C. scutulatus mtDNA data does not exhibit any correlation between genetic
similarity and geographic distance. As C. atrox, C. scutulatus represents one large
expanding population without genetic/geographic structure in Southern Arizona. This is
supported by the mtDNA networks and phylograms. IBD analysis based on STR data
corroborated the mtDNA results and no distinct genetic/geographic structure for this
species in Southern Arizona.

Population genetic diversity

The genetic diversity among populations for all species is considerable. All

heterozygosities are high indicating no population bottlenecks. About six markers show

high inbreeding coefficients but overall there is not a large indication of inbreeding.
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Observed and expected heterozygosities were similar with observed almost always being
lower. This can be explained by incomplete sampling and the possible presence of null
alleles.

mtDNA Diversity

The analysis of mtDNA diversity over the different geographical units of
Southern Arizona for C. scutulatus populations shows an overall haplotype diversity of
0.986. The pattern of high haplotype diversity and low nucleotide diversity as in C. atrox
is partially observed with C. scutulatus. One of the Tajima’s D values is not negative and
two were not calculated due to small sample size but overall the values indicate
population expansion. The phylogram shows more resolution than for C. atrox. However,
the supported clades do not correspond to geographic units indicating no monophyletic
evolutionary significant units. It is interesting that some of the core area samples are
basal to all other populations. An explanation for this pattern could be the hypotheses of
expansion from West to East for C. scutulatus (Castoe et al 2007). In order to further
explore this idea range wide sampling of C. scutulatus is warranted.

The negative values for Tajima’s D, positive values for Roza’s R2, and mismatch
distribution peak suggest past population expansion. The distribution plot showed partial
alignment of expected and observed pairwise differences assuming a single expansion
model. The mismatch distribution for C. scutulatus does not fit the model as well as the
C. atrox data did which could be caused by smaller sample sizes per population. I adopt
one single historic expansion for C. scutulatus for Southern Arizona possibly resulting

from Pleistocene climatic cooling forcing species into refugia or colonization of new
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predators or competitors (possibly other Crotalids) could affect C. scutulatus expansion.
Crotalus scutulatus is one of the larger of Crotalus species and prefers open arid habitats
and eats prey similar to C. atrox. Like the latter species, C. scutulatus seems to be a
ubiquitous generalist.
Population assignment

In C. scutulatus, two populations were identified for Southern Arizona with both
Bayesian analysis procedures (STRUCTURE without geographical priors and
GENELAND with priors). Southwest Tucson formed one cluster with all other
populations forming a second cluster. This is in agreement with the mtDNA analyses
indicating limited genetic structure in Southern Arizona C. scutulatus. Ten samples are in
the SW Tucson population which is relatively small. Visually the graph supports one
population with little differences in the Northeast populations. It is most likely that C.
scutulatus is one population for Southern Arizona according the bar graphs. The slight
differences could be the start of differentiation. To support this hypothesis, greater
sampling 1s necessary possibly in concert with sampling at different time intervals.

Crotalus cerastes

For C. cerastes, 1 studied only two Southern Arizona populations other than the
core area population. The species eastern distribution ends just west of Tucson which
explains the lack of data from South Eastern Arizona. For mtDNA, the F values increase
with distance. The farthest population distance (OPNP to core area) gave the highest F;.

STR data follows the distance pattern except for OPNP and Maricopa having a higher Fy
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compared to OPNP to the core area (112km, 153km); however Maricopa had a small
sample size of five specimens which may skew the results.
Isolation by distance

In C. cerastes, the IBD analysis shows some isolation by distance (1°=0.477) but
is not statistically significant (p=0.330). The sample size with three populations is small.
The STR data shows a correlation between an increase in genetic similarity with an
increase in geographic distance (r* 0.194 and p 0.660). As there is no strong and
significant positive relationship between genetic differentiation and geographic distance
the concept is rejected.
Population genetic diversity

The genetic diversity among populations for all species is considerable. All
heterozygosities are high indicating no population bottlenecks. Observed and expected
heterozygosities similar with observed almost always being lower. This can be explained
by incomplete sampling and the possible presence of null alleles. The ranges between C.
atrox and C. scutulatus were relatively higher than C. cerastes which can be caused by
the smaller sample sized in C. cerastes populations.
mtDNA Diversity

As the previous two species, C. cerastes showed overall high haplotype diversity.
Bayesian and maximum likelihood phylograms exhibit four to five posterior probability
and bootstrap supported clades. The clades do not match geographic units with the partial
exception of OPNP samples, which in the majority occupy a basal position. The

haplotype network corresponds with the cladogram with no major geographic groups
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with the exception of OPNP samples. The distinct difference of the Southwestern
samples from the OPNP area for C. cerastes and C. scutulatus could be from lack of
suitable habitats between these populations and the northern most populations.

The negative values for Tajima’s D, positive values for Roza’s R2, and mismatch
distribution peak suggest past population size changes. Only two populations showed
negative values for Tajima’s D. This was not due to sample size since the largest
population (38 samples) had a positive value. For total over all the populations, Tajima’s
D was a negative value. The Roza’s R2 values were all positive. Although not every
population has a negative Tajima’s D, most of the data indicates an expansion. The
distribution plot showed two to three historical expansions compared to the expected
expansion of pairwise differences assuming a single expansion model. The two to three
historic expansions for C. cerastes for Southern Arizona possibly resulted from
Pleistocene climate fluctuations, refugia, or allopatric segregation. Refugia could have
been used as climatic conditions deteriorated and then re-expanded with the return of
favorable conditions (Douglas et al. 2006). A biological explanation as compared to other
species is that C. cerastes is a small snake (one of the smallest crotalids), a habitat
specialist in that it only inhabits arid deserts with loose substrate, and can only take small
prey such as mice and lizards. This biological view can support the idea of repeated
population constriction and expansions related to environmentally favorable conditions
and the ability to disperse from refugia. The idea of unique habitat preferences shaping

phylogeography of a species has been seen in the Cottonmouth (Agkistrodon piscivorus)
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and Copperhead (Agkistrodon contortrix), both being closely related to rattlesnakes in the
subfamily Crotalinae (Guiher and Burbrink 2008).
Population assignment

Population genetic structure with Bayesian assignment analysis for C. cerastes of
Southern Arizona revealed surprising differences between the species. In C. cerastes,
three assignment clusters were identified for Southern Arizona by STRUCTURE
(without geographical priors) analysis as well as by GENELAND. The core area was
grouped as one population except for I-10 which was grouped with Maricopa. OPNP was
grouped together as the third population and did not share any of the other genotypes
represented. This matches the mtDNA based mismatch distribution showing two
expansions and with OPNP almost forming its own phylogenetic group in the tree (Figure
26). The genotypes shared between CT and CAP, I-10 and Maricopa, and OPNP
(represented by the percentage of assigned genotype color) genotypes may represent
three different expansion events with different allele frequencies in each group. OPNP
appears to be most isolated compared to the other populations. The distance between
Maricopa and I-10 is slightly closer than the other two core sites which may relate to the
shared genotype. In C. cerastes three distinct groups are identified by mtDNA and STR
data analyses indicating genetic structure based on mainly historic events. As this species
is the most specialized relative to habitat, historic habitat availability could have played a
major role in the evolution of the observed genetic structure (Secor 1994).

Southern Arizona synthesis
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Across the species and between the markers, the majority of Fy values are low but
patterns can be seen on a fine scale with distant populations showing less connectivity.
The mtDNA F; values were usually higher for all three species indicating that these
differences are more ancestral or older occurring and recent mutations in the STR F
values do not reflect the older structure. The comparison between mtDNA and STR F
values is relative. The effective population size difference could be a better explanation.
Smaller populations will fix mutations faster (Whitlock 2007). The mutation rate in STRs
is much higher than in mtDNA which should actually lead to larger differences in the
STR data. All the IBD results were the same for the Southern Arizona analysis for each
species showing no isolation by distance. The larger factors that can influence IBD are
the proximity to geographic barriers and the dispersal ability of the species in question.
Time from colonization could also affect IBD with an increase over time (Crispo and
Hendry 2005). The three study species could have high dispersal ability or are relatively
new colonizers of the Picacho Peak area.

When comparing STR based Bayesian assignment clusters for all three species
three different patterns are observed. Crotalus atrox exhibits four distinct populations, C.
scutulatus one, and C. cerastes three. The mtDNA analysis was not in agreement with the
STR results in C. atrox, which showed no distinct populations. The mtDNA based
phylogenies and other analyses for C. scutulatus and C. cerastes showed some agreement
with STR based genetic structure analyses.

Possible barrier effects on genetic structure at the core area

Crotalus atrox
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Previously, I compared populations across Southern Arizona with specimens from
the core area South of Picacho peak treated as one operational unit (including the three
sites CT, CAP, and 110). Here, I focus on the three geographical populations (CT, CAP,
I-10) from the core area with the goal to identify possible genetic effects caused by recent
barriers such as Interstate-10 and the Central Arizona Project water canal. Based on the
observed mtDNA diversity and structure in Southern Arizona populations it is clear that
mtDNA data does not have the resolution to elucidate historically recent fragmentation
effects. Therefore I focus entirely on STR data from the three core area sample sites.

For C. atrox, CAP and I-10 have a large Fy meaning the populations are distinct
from each other. CT and CAP have the lowest Fg with I-10 and CT having the second
lowest value. This result indicates less geneflow between the closer sites of I-10 and CAP
than between the more distant sites of CAP. This partially explained by the 2.5km canal
“gap” between CAP and CT.

Isolation by distance

IBD analysis, each sample was individually compared and did not show any
correlation between genetic similarity and distance for C. atrox (r* = 0.006 and p =
0.050). The genetic distance varied between samples independent from the geographical
distance between samples.

Population assignment

Population genetic structure of the core area was determined for C. atrox and was

performed with all three populations and pairwise comparisons to investigate slight

population differences. The comparison of all three populations for C. atrox showed three
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populations (K=3) with I-10 and CT as distinct populations and CAP as its own (but
sharing the genotype from CT) population with GENELAND estimating three
populations also. One CAP sample (CA013) was assigned to the CT population. Half of
the CAP samples exhibit CT genotypes with the other half exhibiting CAP genotypes.
Four samples (CA030, CA052, CA053, and CA054) at I-10 shared the CT genotype
which may indicate migration. I-10 appears to be a partial barrier to CAP but not a
complete barrier. The water canal does not appear to be a barrier with the CT genotype
making up half of the CAP signature. The pairwise comparison reaffirmed what was
observed in the previous analysis. CT compared to CAP alone gave the exact results for
these populations in the core site analysis with one sample in CT having the CAP
signature and half the samples in CAP intermixed with the CT genotype. GENELAND
estimated four populations between these two sites. This result is unlikely to be true since
GENELAND can overestimate populations (Chen et al. 2007) and most likely could not
tease apart the intermixed CAP population. CAP to I-10 showed CAP to have almost no
I-10 signature but the I-10 population showed some samples having the CAP signature.
The same behavior was seen with the CT to I-10 comparison. GENELAND supported
these comparisons identifying two populations for each. All analyses clearly indicate two
distinct units. Two (CA030 and CA054) of the 110 specimens however show more than
50% of their genotypes matching the CAP genotype.

It appears that individuals from CT are crossing I-10 but no individuals are
crossing east from I-10 to the other sites. This unidirectional pattern could be the cause of

flood events during the monsoon season ‘flushing’ snakes from CAP through culverts to
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the 1-10 population. If bi-directional dispersal was present genotypic signatures from I-10
should be seen in the CAP population by snakes passing through the culverts freely in
both directions. It appears questionable that snakes migrated between the two sites by
crossing I-10. The heavy traffic and noise from I-10 is more likely to detour snakes from
crossing and the survival rate of one trying to cross is very low due to the rattlesnake’s
slow moving behavior as seen by Andrews and Gibbons 2005. Timber rattlesnakes were
studied in this paper in which the authors found that this species avoids roads 80% of the
time and also had the highest road mortality rate compared to other snake species. The
flora of the sites also differ with I-10 having the sparsest habitat which from a food
source perspective would rather drive snakes to more lush habitat such as CAP and not
the reverse. Also the CAP canal does not appear to be a barrier to migration for C. atrox
because of the 2.5km gap in the canal allowing migrants to travel freely across.

For C. atrox, my data suggests that I-10 is a barrier and CAP is not. The I-10
barrier is 38 years older than the canal. This equals 13 generations of rattlesnakes (~3
years is one generation for C. atrox) (personal communication G. Schuett). Traffic load
has also increased over the years on [-10 at my study site (45,000 AADT Figure 6). As
traffic increases, I-10 will become more of a barrier theoretically because there would be
a decreased chance of crossing successfully and increased avoidance. The traffic volume
over the day has its peak between 11:00am to 6:00pm. The snakes at my sites started
moving around 5:30 to 6:00am and continued activity till very early morning. The end of
the traffic volume peak overlays with beginning activity time which could affect road

avoidance. The water canal was built in 1995 meaning only 5 generations have passed up
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to present which is likely not enough time for barrier caused mutations to be fixed in the
population. Additionally, the canal has a gap which makes the canal not a complete
barrier. My results do not contradict the wildlife gaps efficiency.

Crotalus scutulatus

For C. scutulatus none of the STR values were different with CT and I-10
showing the highest Fy but CAP/I-10 and CT/CAP had the lowest Fgs indicating I-10
shows no impact to geneflow at this time. There is no observable genetic fragmentation
signature.

Isolation by distance

The same behavior as observed in C. atrox is seen in C. scutulatus where genetic
difference acts independently of geographical distance (r* = 0.034 and p = 0.010).
Population assignment

The comparison of all three populations for C. scutulatus showed one population
across the sites except for three samples (CS006, CS021, and CS018). These samples
were among the closest to the Interstate-10. One population was estimated with
GENLAND supporting STRUCTURE. At this time no genetic differentiation between
the three sites 1s observable. The pairwise comparison confirmed the pattern observed in
the previous analysis. CT compared to CAP and CAP compared to I-10 both indicated
one population. CT to I-10 showed the three outlying samples in the I-10 population
having a different genotype assignment. These samples could be dispersers from
populations west of the I-10 study area or these individuals possess a unique signature

mutation. GENELAND estimated two populations for each pairwise comparison. This is
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likely an overestimation that may be caused by the three outlying samples. GENELAND
is known to overestimate populations and there were also only six samples from CT.

Unlike C. atrox, one population across the possible barriers is observed in C.
scutulatus. This could be caused by migrants across I-10 or active dispersal through
culverts underneath I-10 to pass between both sides and the gap in the canal is supporting
enough migrants to sustain gene flow. It could be that the effects observed in C. atrox are
at the threshold of being observable and since there were fewer specimens and markers
for C. scutulatus, possible barrier effects may have been beyond detection.

Crotalus cerastes

STR Fy values for C. cerastes show a similar pattern as C. scutulatus with 1-10
and CAP having the highest value. The I-10 population consisted of only four samples.
The core area analysis did not show as strong of values as the Southern Arizona analysis
likely due to smaller sample sizes per population with fewer populations being observed.
Despite the Fy values suggesting that [-10 may be a barrier, conclusions cannot be drawn
as the I-10 population is limited by the very small sample size of only four.

Isolation by distance

The IBD graph for C. cerastes at the core area shows no isolation by distance (r°
=0.053 and p = 0.000).

Population assignment

Population genetic structure of the core area was determined for C. cerastes and
was performed with all three populations and pairwise comparisons to investigate slight

population differences. The comparison of all three populations for C. cerastes showed
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one population across the sites with almost no variation. One population was estimated
with GENELAND supporting the STRUCTURE result. I found no evidence for barriers
of geneflow but there can still be fragmentation. I may not be able to see it with my
samples (specifically sample sizes) and markers. The pairwise comparison reaffirmed
what was observed in the previous analysis. CT compared to I-10 and CAP compared to
I-10 both indicated one population. CT to CAP showed specimens that partially share a
genotype with another site. The percentage assignment was only 20% more for CAP
samples. GENELAND estimated two populations for the CT/CAP and CT/I-10 pairwise
comparisons likely due to geographic priors and overestimation. One population was
estimated by GENELAND for the CAP/I-10 comparison. C. cerastes showed the same
overall pattern as C. scutulatus with no evidence for fragmentation caused by barriers.
Summary of Core area Analysis

For the Fy analysis, C. atrox showed values that indicated I-10 as a possible
barrier but no such evidence was found for C. scutulatus and C. cerastes. All species
showed no isolation by distance at the core area. A genetic barrier that coincides with the
geographic location of I-10 was supported by Bayesian assignment tests in C. atrox.
Bayesian assignment tests in C. scutulatus and C. cerastes did not support the
fragmentation hypothesis.
Conclusions

Different syntopic rattlesnake species, despite their overall similarity, often have
different natural history traits. The genetic comparison of Southern Arizona geographic

populations of three rattlesnake species showed a somewhat different phylo-geography.
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In C. atrox, 1 found very low genetic structure with large genetic diversity in the mtDNA
dataset but greater genetic structure with large allelic richness in the STR dataset. The
same was true, but less pronounced for C. scutulatus and C. cerastes. Surprisingly, C.
atrox, the most versatile of the species, was the only one exhibiting genetic effects
correlated to the barrier I-10. Differences in the biology of the three species and/or
differences in sample sizes and STR marker numbers are most likely responsible for the
differing results. More specifically, dispersal distance differences between species and
sexes may play an important role in explaining the observed pattern. Crotalus atrox has
the smallest home range compared to the other species (5ha), where C. scutulatus has a
home range of 6ha and C. cerastes with the largest home range of 23ha (Beck 1995,
Cardwell 2007, and Secor 1994). Crotalus cerastes probably has a high dispersal
capability and therefore maintains gene flow across its populations. Crotalus scutulatus
only has a slightly bigger home range but this might be enough for the core area to show
greater dispersal. Home range and dispersal ability has a great impact on population
genetics for a species. Generally animals with larger home ranges will have a greater
tendency for dispersal and ability to spread genetically across populations. Genetic
detectability of a barrier after a given time period can have a large influence on the
quantification of its affects. Generation time for signal loss of a barrier was simulated to
be 15 generations for individuals with large dispersal distances (Landguth et al. 2010).
For the conservation management community this study introduces an interesting
and feasible new indicator and monitoring system. It identified the abundant and non-

endangered Sonoran desert habitat top predator species Crotalus atrox as a species that
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can show genetic effects of barriers in a relatively short time period and may be useful as
an indicator at locations of impact. Due to the species great abundance it also constitutes
a useful model system with which basic fragmentation and mitigation scenarios can be
studied and long-term monitoring of impacts and population management appears
feasible. The use of C. scutulatus and C. cerastes should be tested with larger sample
numbers and/or extended marker set or at later timelines in order to establish the effects

of linear barriers on the populations.
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FIGURES

Figure 1. Core study sites. The green area represents the Cattle Tank (CT), red the
Central Arizona Water Project canal (CAP), and blue the Interstate 10 (I-10) population.
The darker circles indicate where the majority of samples for each site were collected.
Key barriers surrounding the sites are labeled.
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Figure 2. Southern Arizona samples of C. atrox. The black area represents the core study
area. Other operational units are circled (from closest to farthest from core area) with

Suizo Mtns (dark blue), Tucson (yellow), Cascabel Rd (red), Organ Pipe National Park
(OPNP, Blue), and N.W. Arizona (purple).
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Figure 3.Southern Arizona samples of C. scutulatus. The black area represents the core
study area. Other operational units are circled (from closest to farthest from core area)
with Tucson (yellow), Cascabel Rd. (bright red), S.E Arizona (dark red), and OPNP
(Blue).

A

mee,PjiI‘rg ol

+
Creels | Stmme
peRtits i val

£




70

Figure 4.Southern Arizona samples of C. cerastes. The black area represents the core
study area. Other operational units are circled with OPNP (blue) and Maricopa (purple).
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Figure 5. Interstate 10 with six traffic lanes at the core study area south of Picacho Peak.
The I-10 study location is on the right side and the CT and CAP study locations are on
the left side in this photo.
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Figure 6. Arizona Department of Transportation (ADOT) data for annual average daily
traffic at the core study area for the years 2006 to 2009. The average annual daily traffic
(AADT) ranges from approximately 39000 to 45000 vehicles.
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Figure 7. Traffic volume per day for March of 2011.
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Figure 8. Traffic volume per hour for Saturday 10 April 2011. The peak traffic volume
was from 1100 to 13:00hrs with a volume of about 3200/hr at 1300hrs. The same profile
is seen for the weekdays with a volume peak at 4:00pm to 5:00pm and an overall volume
fluctuating around 3000.
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Figure 9. Central Arizona Project water canal at the core study area. The canal at this
section is 13 m across and is bordered by a chain-linked fence on both sides.
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Figure 10. Map of the Crotalus loci positions when compared to the Agkistrodon
piscivorus mtDNA genome (GenBank: DQ523161.1). The ATPase68 fragments had
lengths of 886bp (ATP68), 1120bp (cytb), 1096bp (ND1), and 1033bp (ND2).
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Figure 11. MtDNA mismatch frequency distributions of pairwise differences for C. atrox
with the expectation of a single expansion model.
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Figure 12. Majority rule (50%)
phylogenetic tree for Crotalus
atrox based on mtDNA sequences.
The tree is rooted with the
outgroup Agkistrodon piscivorous.
None of the clades observed within
C. atrox is supported by Bayesian
posterior probabilities >0.95 or
Maximum Likelihood bootstrap
values >70. The color coding of
individuals corresponds to
localities shown in Figure 13.
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Figure 13. Median joining haplotype network with corresponding geographic map.
Yellow = OPNP, white = N.W. Phoenix, teal = Cascabel Rd., grey = Tucson, black =
Suizo Mtns, and the core area (I-10 blue, CAP, red, and CT green).
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Figure 14. Map of Southern Arizona with posterior probabilities for individuals (bars) of
population assignments. Four distinct genetic populations are assumed (K=4).
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Figure 15: GENELAND population estimate bar graphs of C. atrox for Southern Arizona.
The density of sample assignment to a population is represented. The bar with the highest
density is considered to be K (population estimate) for that analysis. Southern Arizona
shows an estimate of four populations.
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Figure 16. Isolation by distance graphs for C. atrox showing Southern Arizona using
mtDNA and STR data ran by population comparison (mtDNA: r’=0.162, p-value=0.880;
STR: r’=0.115, p-value=0.050). The points represent the distance between two
populations.
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Figure 17. MtDNA mismatch frequency distributions of pairwise differences for C.
scutulatus with the expectation of a single expansion model.

Figure 18. Majority rule (50%) phylogenetic tree for Crotalus scutulatus based on the
Bayesian inference and maximum likelihood analyses. The tree is rooted with the
outgroup A. piscivorous (not shown below to be able to see branches in tree). The color
coding of individuals corresponds to localities shown in map. Majority of branches are
supported by Bayesian posterior probabilities >0.95 or Maximum Likelihood bootstrap
values >70.
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Figure 19. Haplotype network for C. scutulatus. The colors match those displayed in the
Figure 18 with yellow=0OPNP, teal= Cascabel Rd., purple =S.E. Az, grey =Tucson, black
is one sample from Sasabe Rd, and the core area (I-10 blue, CAP, red, and CT green).
The Sasabe Rd. sample was included in the phylo-geographic analysis but not the STR
analysis.
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Figure 20. Map of Southern Arizona with posterior probabilities for individual (bars)
population assignment. Two populations are assumed (K=2).
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Figure 21. GENELAND population estimate bar graphs for C. scutulatus for Southern
Arizona. The density of sample assignment to a population is represented. The bar with
the highest density is considered to be K (population estimate).
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Figure 22: Isolation by distance graphs showing Southern Arizona for both mtDNA and
STR data in C. scutulatus. The graphs do not show strong statistical support and does not
support any IBD (mtDNA: r’=0.090, p-value=0.740; STR: 1’=0.027, p-value=0.300). The
points of these graphs represent the distance between two populations. The core area
graph was run on an individual sample comparison. This graph shows a good portion of
samples sharing the same genetic distance.
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Figure 23. MtDNA mismatch frequency distributions of pairwise differences for C.

cerastes with the expectation of a single expansion model. The observed values suggest
bi or tri modal expansions.

Figure 24. Majority rule (50%) phylogenetic tree for Crotalus cerastes based on the
Bayesian inference and maximum likelihood analyses. The tree is rooted with the

outgroup A. piscivorous (not pictured below to be able to see branches in the tree). The
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color coding of individuals corresponds to localities shown in map. Majority of branches
are supported by Bayesian posterior probabilities >0.95 or Maximum Likelihood
bootstrap values >70.
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Figure 25. Haplotype network for C. cerastes. The colors match those displayed in the
Figure 24 with yellow=0OPNP, grey =Maricopa, and the core area (I-10 blue, CAP, red,
and CT green).
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Figure 26. Figure 30: Map of Southern Arizona with posterior probabilities for individual
population assignments. Three genetic populations are assumed (K=3).
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Figure 27. GENELAND population estimate bar graphs of C. cerastes for Southern
Arizona. The density of sample assignment to a population is represented. The bar with
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the highest density is considered to be K (population estimate) for that analysis. Southern
Arizona shows an estimate of three populations.

Figure 28. Isolation by distance graphs showing Southern Arizona for both mtDNA and
STR data. The graphs do not show strong statistical support for IBD (mtDNA: r’=0.477,
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Figure 29. Population assignment of C. atrox for individuals of CT, CAP, and I-10.
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Figure 30. Population assignment comparison between the core sites CT, CAP, and 1-10
for C. atrox.
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Figure 31: GENELAND population estimate bar graphs for C. atrox for the core area and
comparison between core sites. The density of sample assignment to a population is
represented. The bar with the highest density is considered to be K (population estimate)
for that analysis. The core area shows an estimate of three populations. CT to CAP
comparison showed four. The CAP to I-10 and CT to I-10 comparisons each had an

estimate of two for K.
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Figure 32. Isolation by distance graph for C. atrox showing the core area using STR data
ran on an individual sample comparison. There was no statistical support for IBD
(1*=0.006, p-value=0.05). The points of these graphs represent the distance between two

individuals.
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Figure 33. Population assignment of C. scutulatus for individuals of CT, CAP, and I-10.
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Figure 34. Population assignment comparison between the core sites CT, CAP, and I-10
for C. scutulatus.
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Figure 35. GENELAND population estimate bar graphs of C. scutulatus for the core area
and comparison between core sites. The density of sample assignment to a population is
represented. The bar with the highest density is considered to be K (population estimate)
for that analysis. The core area estimate was one. CT to CAP comparison showed two
and the last two comparisons (CAP to I-10 and CT to I-10) each had an estimate of two.
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Figure 36: Isolation by distance graphs showing the core area for STR data in C.
scutulatus. The graph does not show strong statistical support for IBD. (r*=0.034, p-
value=0.010). The points of these graphs represent the distance between two populations.
The core area graph was run on an individual sample comparison. This graph shows a
good portion of samples sharing the same genetic distance.
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Figure 37. Population assignment of C. cerastes for individuals of CT, CAP, and I-10.
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Figure 38. Population assignment comparison between the core sites CT, CAP, and 1-10
for C. cerastes.
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Figure 39. GENELAND population estimate bar graphs of C. cerastes for the core area
and comparison between core sites. The density of sample assignment to a population is
represented. The bar with the highest density is considered to be K (population estimate)
for that analysis. The core area estimate was one. CT to CAP comparison showed two,

CAP to I-10 showed one, and CT to I-10 had an estimate of two.
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Figure 40. Isolation by distance graph showing the core area for STR data. The graph
does not show strong statistical support for IBD (r*=0.053, p-value=0.000). The points
represent the distance between two individuals. Majority of samples share the same
genetic distance as geographic distance increases.

Geneatic Distance

t t
=10 -2




TABLES

92

Table 1. Crotalus atrox STR markers with name, species from which the marker was
developed, repeat motif, fragment length in nucleotides, number of observed alleles,
expected and observed heterozygosity, significance value for Hardy-Weinberg-
Equilibrium test (Markov chain algorithm by Guo and Thompson (1992)), inbreeding
coefficient Fis (Weir and Cockerham (1984)). Loci with asterisks were not in linkage

disequilibrium and removed from further analysis.

Locus
Name

Cal 14
Cal 20
Cal_22
Cal_31
Cal 39
Cal 43
Ca2 23
Ca2_27
Ca2 38
Ca2 64
Ca2_71
Ca2_74
Ca2 81%*
Ca2 90
Crti09
Crtil0
Crtil2
Crtil4
Crti23
Crti32A
Crti37
Crtid7*
Crti95
CwAl4
CwA29
CwB6
MFR15
MFR23
Scu05
Scu07*

Fragment

Species Repeat motif Length

C. atrox (TCT) 329-513
C. atrox (AG)(AC) 232-338
C. atrox (TG) 187-225
C. atrox (TC) 188-340
C.atrox  (TTA)TTG) 276-452
C. atrox (AC) 189-317
C. atrox (GATA) 250-452
C. atrox (TCC) 245-438
C. atrox (AGGC)(AGGA) 315-411
C. atrox (AAAG) 313-390
C. atrox (GT) 230-300
C. atrox (GT) 292-334
C. atrox (GAAA) 253-455
C. atrox (TTTC) 218-328
C. tigris (GAA)...TAA...GAA... 326-509
C. tigris (GAA) 219-300
C. tigris (CA) 217-225
C. tigris (GT) 274-314
C. tigris (GT)GC(GT)TT(GT)(GA)224-228
C. tigris (ATCT) 255-296
C. tigris (GT)(GA) 274-304
C. tigris (CT)CC(CT) 187-191
C. tigris (CA) 174-211
C.willardi (AC) 147-175
C.willardi  (AC) 160-190
C.willardi (GA) 122-130
C.viridis  (TG) 138-222
C.viridis  (TG) 196-262
S. catenatus (TC)(AC) 206-338
S. catenatus (TC)(TG)TT(TG) 174-232

Alleles Exp. Het. Obs. Het. P- value Fis- W&C Reference

34
22
12
32
8

30
17
36
17
17
10
12
19
30
34
32
16
14
17
20
10
16
12
16
12
11
12
22
37
23

0.97
0.93
0.82
0.95
0.59
0.94
0.91
0.96
0.83
0.91
0.67
0.86
0.92
0.94
0.96
0.95
0.81
0.74
0.88
0.93
0.70
0.90
0.81
0.86
0.74
0.66
0.47
0.91
0.96
0.90

0.79
0.72
0.60
0.79
0.51
0.55
0.79
0.60
0.81
0.92
0.44
0.86
0.87
0.89
0.83
0.95
0.74
0.74
0.54
0.95
0.61
0.87
0.83
0.57
0.70
0.60
0.48
0.85
0.87
0.45

0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.10
0.74
0.00
0.45
0.00
0.02
0.00
0.14
0.01
0.00
0.00
0.27
0.01
0.16
0.08
0.00
0.21
0.01
0.74
0.77
0.00
0.00

0.18
0.22
0.27
0.17
0.14
0.41
0.13
0.38
0.02
0.00
0.34
0.00
0.06
0.05
0.14
0.00
0.09
0.01
0.39
-0.03
0.12
0.04
-0.02
0.34
0.06
0.09
-0.03
0.07
0.10
0.50

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

Goldberg, et al. (2003)
Goldberg, et al. (2003)
Goldberg, et al. (2003)
Munguia-Vega et al. (2009)
Munguia-Vega et al. (2009)
Munguia-Vega et al. (2009)
Munguia-Vega et al. (2009)
Munguia-Vega et al. (2009)
Munguia-Vega et al. (2009)
Holycross et al. (2002)
Holycross et al. (2002)
Holycross et al. (2002)
Oyler-McCance, et al. (2005)
Oyler-McCance et al. (2005)
Gibbs et al. (1998)

Gibbs et al. (1998)
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Table 2. Crotalus scutulatus STR markers with name, species for which the marker was
developed, repeat motif, fragment length in nucleotides, number of observed alleles,
expected and observed heterozygosity, significance value for Hardy-Weinberg-
Equilibrium test (Markov chain algorithm by Guo and Thompson (1992)), inbreeding

coefficient Fis (Weir and Cockerham (1984)).

Locus
Name

Crti05
Crti09
Crtil0
Crtil2
Crtil4
Crtil9
Crti23
Crti32A
Crti47
Crti95
CS1214
CS2116
CS2322
CS234
CS2340
CwAl4
CwDI15
MFRO09
MFR15
MFR23
Scu01
Scu07
Scu26

tigris
tigris
tigris
tigris
tigris
tigris
tigris
tigris
tigris
tigris
scutulatus
scutulatus
scutulatus
scutulatus
scutulatus
willardi
willardi
viridis
viridis
viridis
catenatus
catenatus

catenatus

Repeat motif
(GAA)CAA(GAA)
(GAA)...TAA...GAA...
(GAA)

(CA)

(GT)

(CA)
(GT)GC(GT)TT(GT)(GA)
(ATCT)
(CT)CC(CT)

(CA)

(CAT)

(TO)
(GATA)(GGCA)
(GAAA)

(TG)

(AC)
(CAT)(TAT)(CAT)
(TG)

(TG)

(TG)

(AG)
(TC)YTG)TT(TG)
(AC)

Fragment
Length

140-266
326-509
219-300
217-225
274-314
212-231
224-228
255-296
187-191
174-211
355-411
250-358
386-478
438-546
267-303
147-175
138-159
128-240
138-222
196-262
152-186
174-232
176-276

Alleles Exp.Het. Obs.Het. P-value Fis-W&C Reference

27
34
26
16
8

3

34
13
35
20
7

34
17
32
13
7

13
14
14
25
7

14
15

0.95
0.97
0.95
0.91
0.81
0.48
0.96
0.88
0.96
0.91
0.75
0.97
0.92
0.96
0.88
0.68
0.71
0.85
0.87
0.92
0.44
0.88
0.65

0.82
0.63
0.95
0.84
0.78
0.44
0.68
0.82
0.90
0.73
0.59
0.85
0.77
0.76
0.87
0.39
0.72
0.79
0.81
0.81
047
0.85
0.63

0.00
0.00
0.73
0.25
0.26
0.37
0.01
0.07
0.12
0.00
0.02
0.06
0.02
0.00
0.85
0.00
1.00
0.17
0.29
0.05
0.38
0.04
0.31

0.14
0.35
0.00
0.08
0.03
0.08
0.29
0.07
0.06
0.20
0.21
0.12
0.16
0.21
0.01
0.42
-0.02
0.07
0.08
0.12
-0.07
0.03
0.03

Goldberg, et al. (2003)
Goldberg, et al. (2003)
Goldberg, et al. (2003)
Goldberg, et al. (2003)
Munguia-Vega et al. (2009)
Munguia-Vega et al. (2009)
Munguia-Vega et al. (2009)
Munguia-Vega et al. (2009)
Munguia-Vega et al. (2009)
Munguia-Vega et al. (2009)
This study

This study

This study

This study

This study

Holycross et al. (2002)
Holycross et al. (2002)
Oyler-McCance et al. (2005)
Oyler-McCance, et al. (2005)
Oyler-McCance et al. (2005)
Gibbs et al. (1998)

Gibbs et al. (1998)

Gibbs et al. (1998)
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Table 3. Crotalus cerastes STR markers with name, species from which the marker was
developed, repeat motif, fragment length in nucleotides, number of observed alleles,
expected and observed heterozygosity, significance value for Hardy-Weinberg-
Equilibrium test (Markov chain algorithm by Guo and Thompson (1992)), inbreeding
coefficient Fis (Weir and Cockerham (1984)). Locus with asterisk is not in linkage

disequilibrium and removed from further analysis.

Locus
Name

CC1110
CC2210
CC227
CC2333
Crti05
Crti09
Crtil0
Crtil4
Crti23
Crti28
Crti32A
Crti37
Crti47
Crti95
CwAl4
CwB6
MFR09
MFRI15
MFR23
Scu01
Scu05
Scu07*
Scu26

Species

C.
C.

cerastes
cerastes
cerastes
cerastes
tigris
tigris
tigris
tigris
tigris
tigris
tigris
tigris
tigris
tigris
willardi
willardi
viridis
viridis
viridis
catenatus
catenatus
catenatus

catenatus

Repeat motif
(CTTT)

(GAAA)
(CTTT)(CTTC)
(CTA)
(GAA)CAA(GAA)
(GAA)...TAA...GAA
(GAA)

(GT)

Fragment

Length

199-335
281-377
230-334
411-441
140-266
326-509
219-300
274-314

(GT)GC(GT)TT(GT)(GA) 224-228

(GT)GA(GT)
(ATCT)
(GT)(GA)
(CT)CC(CT)
(CA)

(AC)

(GA)

(TG)

(TG)

(TG)

(AG)
(TC)(AC)
(TCXTG)TT(TG)
(AC)

172-174
255-296
274-304
187-191
174-211
147-175
122-130
128-240
138-222
196-262
152-186
206-338
174-232
176-276

Alleles Exp.Het. Obs.Het. P-value W&C

12
12
16
7

25
13
38
14
12
10
12
22

0.87
0.89
0.90
0.62
0.94
0.79
0.95
0.89
0.75
0.82
0.83
0.90
0.69
0.65
0.81
0.40
0.84
0.82
0.74
0.16
0.95
0.95
0.88

0.60
0.83
0.93
0.58
0.69
0.56
0.95
0.86
0.46
0.78
0.84
0.85
0.64
0.54
0.67
0.35
0.32
0.81
0.78
0.15
0.89
0.86
0.71

0.00
0.03
0.50
0.29
0.00
0.00
0.39
0.01
0.00
0.24
0.35
0.01
0.00
0.18
0.02
0.23
0.00
0.32
0.03
0.18
0.03
0.00
0.00

Fis-

0.31
0.06
-0.03
0.07
0.26
0.29
0.00
0.03
0.39
0.05
0.00
0.06
0.08
0.17
0.17
0.12
0.62
0.01
-0.06
0.03
0.06
0.09
0.19

Citation

This study

This study

This study

This study

Goldberg, et al. (2003)
Goldberg, et al. (2003)
Goldberg, et al. (2003)
Munguia-Vega et al. (2009)
Munguia-Vega et al. (2009)
Munguia-Vega et al. (2009)
Munguia-Vega et al. (2009)
Munguia-Vega et al. (2009)
Munguia-Vega et al. (2009)
Munguia-Vega et al. (2009)
Holycross et al. (2002)
Holycross et al. (2002)
Oyler-McCance et al. (2005)
Oyler-McCance, et al. (2005)
Oyler-McCance et al. (2005)
Gibbs et al. (1998)

Gibbs et al. (1998)

Gibbs et al. (1998)

Gibbs et al. (1998)




Table 4. MtDNA loci, primer sequence, and reference to each locus used in study.
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Primer Sequence (5'-3")

Reference Used

Primer Name Primer Type Locus
L8331 Forward ATPase68
H9236 Reverse ATPase68
L14910 Forward cytb
H16064 Reverse cytb

16Sb Forward NDI1
H3518 Reverse NDI
tRNA-trpR Reverse ND2
L4437b Forward ND2

AAAGCRTYRGCCTTTTAAGC
GTTAGTGGTCAKGGGCTTGGRTC
GACCTGTGATMTGAAAAACCAYCGTTGT
CTTTGGTTTACAAGAACAATGCTTTA
ACGTGATCTGAGTTCAGACCGG
CCGTGTCTACTCTATCAAGGTAGTCC
GGCTTTGAAGGCTMCTAGTTT
CAGCTAAAAAAGCTATCGGGCCCATACC

Holycross et al. (2007)
Holycross et al. (2007)
Lawson et al. (2005)
Lawson et al. (2005)
Lawson et al. (2005)
Lawson et al. (2005)
Wauster et al.(2005)
Wauster et al.(2005)

Table 5. PCR conditions for mtDNA loci. The annealing temperature and magnesium

concentrations are shown.

Mitochondrial Primer Set

Annealing Temp.(C°) MgCl, Concen. (mM)

16sb and H3518
L12321 and H12766
H16064 and L14910
L8331 and H9236
tRNA-trpR and L4437b

62
50
50
53
59 1.5

_ = = W




Table 6. PCR conditions for STR loci. The annealing temperature, magnesium
concentrations, and fluorescent label color are shown.

Annealing MgCl, Concen.  M13 fluorescent
STR locus Temp.(C°) (mM) label
Crti06 59 3 VIC (Green)
Crti05 57 1 VIC (Green)
Scu05 53 1.5 NED (Yellow)
Scu07 53 1.5 NED (Yellow)
CwB6 53 1.5 6FAM (Blue)
CwB23 53 1.5 6FAM (Blue)
Crti32A 53 1.5 PET (Red)
Crti34 53 1.5 PET (Red)
Crti37 53 1.5 NED (Yellow)
Crti42 53 1.5 6FAM (Blue)
Crti47 53 1.5 NED (Yellow)
Crtio5 53 1.5 NED (Yellow)
Crti23 53 1.5 PET (Red)
Crti09 53 1.5 6FAM (Blue)
Scu01 53 1 PET (Red)
Crtil4 53 1 VIC (Green)
CC1110 53.4 1.5 FAM-6 (Blue)
CC227 53.4 2 NED (Yellow)
CC2333 53.0 2.5 PET (Red)
CC2210 55.1 3.5 VIC (Green)
CS 2116 53 1.5 PET (Red)
CS 1214 55 1.5 PET (Red)
CS 234 55 2 VIC (Green)
CS 2340 55 2 VIC (Green)
CS 2322 59 1.5 PET (Red)
Ca2 23 53B 1.5 VIC (Green)
Ca2_27 53C 2 FAM-6 (Blue)
Cal_39 53D 2.5 PET (Red)
Cal 20 53E 3 VIC (Green)
Ca2_71 53F 3.5 VIC (Green)
Ca2_38 55B 1.5 PET (Red)
Ca2_64 55C 2 PET (Red)
Cal_22 57C 2 FAM-6 (Blue)
Cal_31 57E 3 NED (Yellow)
Ca2_74 59B 1.5 NED (Yellow)
Ca2_90 59C 2 NED (Yellow)
Cal_43 59C 2 FAM-6 (Blue)
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Cal 14

Ca2 81
Crtil0
Crtil2
MFRD5
Crti28
Scu26
Scul6
MFR23
MFR15
CwA29
Crtil9
CwAl4
CwC24
MFR9
CwD15

59C

59D
52
53
53
59
59
59
59
59
59
61
61
62
64
59
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VIC (Green)
FAM-6 (Blue)
PET (Red)
6FAM (Blue)
PET (Red)
6FAM (Blue)
NED (Yellow)
PET (Red)
PET (Red)
6FAM (Blue)
VIC (Green)
NED (Yellow)
VIC (Green)
VIC (Green)
VIC (Green)
PET (Red)
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Table 7. Comparison of mtDNA and STR F; values between Southern Arizona
populations of C. atrox. The core area in the Southern Arizona analysis was considered
one population. Significant values (p < 0.05) are bold.

mt DNA
Southern Arizona
Suizo Cascabel

Core Area Mins Tucson Rd. NWAz
Suizo Mtns 0.029
Tucson 0.090 0.127
Cascabel Rd 0.063 0.091 0.014
NWAz 0.207 0.068 0.391 0.238
SWAz 0.081 0.108 0.135 0.089 0.339
STR
Southern Arizona

Suizo Cascabel

CoreArea Mins Tucson Rd. NWAz
Suizo Mtns 0.006
Tucson 0.026 0.013
Cascabel Rd. 0.020 0.020 0.032
NWAz 0.003 0.000 0.018 0.003
SWAz 0.016 0.018 0.038 0.026 0.019

Table 8. MtDNA polymorphism and tests for demographic events for C. atrox.
Statistically significant values (p<0.05) are bold.

Suizo

C. atrox CT CAP I-10 Mtns  Tuscon SWAz  Casca total

n 24 24 22 40 5 13 13 145

# of haplotypes Nh 18 18 17 33 5 13 13 100
haplotype diversityh ~ 0.975 0.971 0.974 0.986 1 1 1 0.9885
nucleotide diversity phi 0.00162 0.00126 0.00147 0.00165 0.00097 0.00126 0.00144 0.00155

# of segregating sites 38 23 37 62 9 24 30 136
Tajima's D -1.37665 -0.5821 -1.56828 -1.94794 -0.5264 -1.43044 -1.77719 -2.3886

Roza's R, 0.0939 0.1036 0.0653 0.0502 0.1111 0.0693 0.0593 0.0221
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Table 9. Mean population pairwise comparison of heterozygosities for C. atrox based on
STR data.

C. atrox

Population n I|E_|X:t' Obs.Het. NLXHSIZrSOf

CT 26 0.822 0.741 13

CAP 25 0.827 0.717 13

I-10 22 0.824 0.766 12

Suizo Mtns 38 0.832 0.773 15

Tucson 5 0.825 0.681 6

OPNP 13 0.837 0.732 10

Cascabel Rd. 13 0.844 0.746 10

N.W. Arizona 2 0.809 0.82 3

Table 10. Comparison of mtDNA and STR F; values between Southern Arizona
populations of C. scutulatus. The core area in the Southern Arizona analysis was
considered one population. Significant values (p < 0.05) are bold.

mt DNA

Southern Arizona

CoreArea WTucson Tucson

WTucson 0.357

Tucson 0.280 0.421

ETucson 0.305 0.460 0.728
STR

Southern Arizona

CoreArea WTucson Tucson
WTucson 0.011
Tucson 0.015 0.040
ETucson 0.008 0.015 0.018
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Table 11. MtDNA polymorphism and tests for demographic events for C. scutulatus.
Statistically significant valus (p<0.05) are bold. NA for Tajima’s D indicates populations
with insufficient sample size.

C. scutulatus CT CAP I-10 WTus Tucson ETucson Cascabel total
n 6 12 15 9 2 6 2 59
# of haplotypes Nh 5 9 12 9 2 6 2 44
haplotype diversity h 0.933 0.909  0.962 1 1 1 1 0.986
nucleotide diversity phi 0.0015 0.00346 0.00239 0.00304 0.00073 0.00118 0.00024 0.00328
# of segregating sites 13 70 38 37 3 14 1 150
Tajima's D 0.54399 -1.7761 -0.67017 -0.39283  na -1.2666 na  -2.05621
Roza's R2 0.1907 0.1692 0.1166 0.1322 0.5 0.1139 0.5 0.05

Table 12. Mean population pairwise comparison of heterozygosities for C. scutulatus
based on STR data.

C. scutulatus

Population n Elil(gi Obs.Het. Numﬁgg
CT 6 0.820 0.741 7
CAP 13 0.835 0.739 10
[-10 16 0.819 0.734 11
Tucson 3 0.831 0.739

S.E. Arizona 8 0.826 0.736

4
OPNP 10 0.836 0.774 9
8
Cascabel Rd. 2 0.768 0.795 3




Table 13. Comparison of mtDNA and STR F; values between Southern Arizona

populations of C. cerastes. The core area in the Southern Arizona analysis was
considered one population. Significant values (p < 0.05) are bold.

mt DNA

Southern Arizona

CoreArea Maricopa

Maricopa 0.017
OPNP 0.372 0.125
STR

Southern Arizona

CoreArea Maricopa
Maricopa 0.023
OPNP 0.042 0.058
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Table 14. MtDNA polymorphism and tests for demographic events for C. cerastes. NA

indicates insufficient population size.

C. cerastes CT CAP I-10 OP MC total
n 38 15 4 9 1 67
# of haplotypes Nh 11 11 4 8 1 28
haplotype diversity h ~ 0.835 0.952 1 0972 na 0913
nucleotide diversity phi 0.00095 0.00103 0.00109 0.0017 na 0.00127
# of segregating sites 16 18 9 19 na 45
Tajima's D 0.09933 -0.94489 -0.82943 0.00645 na -1.51376
Roza's R2 0.1172  0.0972 0.1643 0.147 na 0.054

Table 15. Mean population pairwise comparison of heterozygosities for C. cerastes based

on STR data.
C. cerastes
. Exp. Number of
Population n Het Obs.Het. Alleles
CT 40 0.766 0.722 11
CAP 15 0.769 0.696 8
[-10 4 0.779 0.688 4
OPNP 10 0.749 0.762 8
Maricopa 5 0.775 0.685 5




Table 16. Comparison of mtDNA and STR F; values between core populations of C.
atrox. Significant values (p < 0.05) are bold.

mt DNA STR
Core Area Core Area
CT CAP CT CAP
CAP 0.028 CAP 0.011
I-10 0.048 0.011 1-10 0.015 0.02

102

Table 17. Comparison of mtDNA and STR F; values between the core populations of C.
scutulatus. Significant values (p < 0.05) are bold.

mt DNA
CoreArea
CT CAP
CAP 0.000
I-10 0.007 0.052

Table 18.

Comparison of mtDNA and STR F; values between core populations of C.
cerastes. Significant values (p < 0.05) are bold.

STR
Core Area
CT CAP
CAP 0.013
1-10 0.028 0.008

mt DNA STR
Core Area Core Area
CcT CAP CcT CAP
CAP 0.058 CAP 0.014
1-10 0.228 0.008 1-10 0.012 0.027
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Appendix A. Crotalus samples used in this study. Cattle Tank = CT, Central Arizona
Project = CAP, Interstate 10 = I-10.

Sample No. Species Locality Latitude Longitude Type Collector
CA001 C. atrox CT 32611773 11211 Blood  This Study
CA002 C. atrox CT 32.601966 -111.209 Blood This Study
CA003 C. atrox CT 32.566024 111209 Blood  This Study
CA004 C. atrox CT 32.610411 111211 Blood This Study
CA005 C. atrox CT 32610497 11213 Blood  This Study
CA006 C. atrox CT 32.610506 111213 Blood This Study
CA007 C. atrox CT 32.616245 11226  DOR-liver  This Study
CA008 C. atrox CT 32.612398 111225 Blood This Study
CA009 C. atrox CT 32612899 111228 Blood  This Study
CA010 C. atrox CT 32.610751 111212 Blood This Study
CAO11 C. atrox CT 32610278 11123 Blood  This Study
CA012 C. atrox CT 32.610749 111219 Blood This Study
CA013 C. atrox CT 32611548 11201 Blood  This Study
CA014 C. atrox CT 32.612474 111.223 Blood This Study
CAO15 C. atrox CT 32.610463 11209 Blood  This Study
CAO16 C. atrox cT 32606424 11226 Blood This Study
CA017 C. atrox CT 32611068 111212 Blood  This Study
CA018 C. atrox cT 32.608521 11209  DOR-liver  This Study
CA019 C. atrox CT 32612851 11236 Blood  This Study
CA020 C. atrox cT 32574752 11288 Blood This Study
CA021 C. atrox CAP 32575306 11129 Blood  This Study
CA022 C. atrox CAP 32.575892 111.294 Blood This Study
CA023 C. atrox 1-10 32.547562 11339 Blood  This Study
CA024 C. atrox CAP 32.577485 1113 Blood This Study
CA025 C. atrox CAP 32.576885 11301 Blood  This Study
CA026 C. atrox CT 32611736 11211 Blood  This Study
CA027 C. atrox CAP 32.550985 11304  DOR-liver  This Study
CA028 C. atrox CAP 32492095  y12s5  DOR-liver  This Study
CA029 C. atrox 1-10 32.55458 111.349 Blood  This Study
CA030 C. atrox 1-10 32.33307 111.206 Blood  This Study
CAO031 C. atrox 1-10 32.33307 111.206 Blood  This Study
CA032 C. atrox 1-10 32.33285 111.206 Blood  This Study
CA033 C. atrox 1-10 32.33263 111.205 Blood  This Study



CA034
CAO035
CAO036
CA037
CA038
CA039
CA040
CA041
CA042
CA043
CA044
CA045
CA046
CA047
CA048
CA049
CA050
CAO051
CA052
CA053
CA054
CAO055
CAO056
CA057
CAO058
CA059
CA060
CA061
CA062
CA063
CA064
CA065
CA066
CA067
CA068
CA069
CA070
CA071
CA072

C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox

C. atrox

I-10
I-10

CAP
CT

CT

I-10

I-10
I-10
I-10
I-10
CAP
CAP
CAP
I-10
CAP
CAP
CAP
CAP
CAP
CAP
CAP
CAP
CAP
CAP
CAP
CAP
I-10

CAP
CT

32.33263
32.31583
32.34761
32.36812
32.36773
32.33364
32.19955
32.19961
32.33256
32.33232
32.333
32.33051
32.33319
32.33173
32.3112
32.33235
32.33304
32.29844
32.33094
32.33401
32.33401
32.34723
32.34657
32.33487
32.34564
32.34366
32.34516
32.34517
32.35591
32.28123
32.29271
32.3464
32.34399
32.34406
32.34406
32.34406
32.33804
32.35639
32.36988

-111.205
-111.2
-111.177
-111.127
-111.133
-111.198
-111.062
-111.061
-111.203
-111.203
-111.206
-111.195
-111.206
-111.201
-111.166
-111.202
-111.206
-111.156
-111.197
-111.21
-111.21
-111.18
-111.178
-111.199
-111.184
-111.179
-111.183
-111.184
-111.202
-111.135
-111.151
-111.187
-111.18
-111.18
-111.18
-111.18
-111.222
-111.201
-111.155

Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
DOR-liver
DOR-liver
DOR-liver
Blood
Blood
Blood
Blood
Blood
Blood
DOR-liver
Blood
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This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study



CAO073
CA074

CAPR 001
CAPR 002
CAPR 003
CAPR 004
CAPR 005
CAPR 006
CAPR 007
CAPR 008
CAPR 009
CAPR 010
CAPR 011
CAPR 012

CAPR 013
CASD-030

CASD-033
CASD-038
CASD-039
CASD-040
CASD-047
CASD-049
CASD-058
CASD-064
CASD-065
CASD-071
CASD-079
CASD-081
CASD-086
CASD-090
CASD-091
CASD-100
CASD-111
CASD-X001
CASD-X002
CASD-X003
CASD-X004
CASD-X006
CASD-X009
CASD-X012

C. atrox

C. atrox

C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox

C. atrox

C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox

C. atrox

CT
CT

Pima Co. Tucson, AZ

Pima Co. Hwy 85, AZ
Pima Co. Hwy 85, AZ

Pima Co. Hwy 85, AZ
Pima Co. Hwy 85, AZ

Pima Co. Tucson, AZ

Pima Co. Hwy 86, AZ
Pima Co. Hwy 86, AZ

Pima Co. Hwy 86, AZ

Pima Co. Hwy 85, AZ
Pima Co. Hwy 86, AZ

Pima Co. Hwy 86, AZ
Pima Co. Hwy 86, AZ

Pinal Co.
Pinal Co.

Pinal Co.
Pinal Co.
Pinal Co.
Pinal Co.
Pinal Co.
Pinal Co.
Pinal Co.
Pinal Co.
Pinal Co.
Pinal Co.
Pinal Co.
Pinal Co.
Pinal Co.
Pinal Co.
Pinal Co.

Pinal Co.

Pinal Co.

Maricopa Co. N.W Phoenix, AZ

Pinal Co.

Suizo Mtns, AZ
Suizo Mtns, AZ

Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ

Suizo Mtns, AZ

Suizo Mtns, AZ

Pinal Co. Hwy80, AZ

Maricopa Co. N.W Phoenix, AZ

Pinal Co.

Pinal Co.

Suizo Mtns, AZ

Suizo Mtns, AZ

32.36682

32.34286

32.337601
32.221547
32.112534
32.115867
31.958582
32.318407
32.177083
32.024545
32.154511
32.188973
32.000783
32.154846

32.17698
32.644385
32.642519
32.642519
32.648286
32.645579
32.643844
32.645577
32.645091
32.645579
32.646341
32.644113
32.645109
32.643665
32.645488
32.645088
32.644177
32.642873
32.645118
32.641055
33.549302
32.601512
32.739341
33.794324
32.643953
32.642698

-111.146
-111.125
-111.118
-112.757
-112.77
-112.769
-112.81
-111.063
-112.256
-111.589
-112.107
-112.793
-111.688
-112.108
-112.245
-111.139
-111.137
-111.137
-111.135
-111.135
-111.138
-111.137
-111.136
-111.135
-111.139
-111.14
-111.136
-111.137
-111.136
-111.139
-111.139
-111.136
-111.136
-111.12
-112.678
-111.209
-111.123
-112.848
-111.137
-111.138

Blood
DOR-liver
Tissue
Tissue
Tissue
Tissue
Tissue
Tissue
Tissue
Tissue
Tissue
Tissue
Tissue
Tissue
Tissue
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
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This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study

Schuett
Schuett

Schuett
Schuett
Schuett
Schuett
Schuett
Schuett
Schuett
Schuett
Schuett
Schuett
Schuett
Schuett
Schuett
Schuett
Schuett
Schuett
Schuett
Schuett
Schuett
Schuett
Schuett
Schuett

Schuett



CASD-X015
CASD-X022
CASD-X107
CASD-X121
CASZ-034
CASZ-036
CASZ-041
CASZ-042
CASZ-044
CASZ-046
CASZ-075
CASZ-076
Cax001
Cax002
Cax003
Cax004
Cax005
Cax006
Cax007
Cax008
Cax009
Cax010
Cax011
Cax012
Cax013
Cax014
Cax015
CCo001
CC002
CC003
CCo004
CC005
CC006
CC007
CC008
CC009
CCo10
CCo11

C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. atrox
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes

C. cerastes

Pinal Co.
Pinal Co.
Pinal Co.
Pinal Co.
Pinal Co.
Pinal Co.
Pinal Co.
Pinal Co.
Pinal Co.
Pinal Co.
Pinal Co.

Pinal Co.

Cochise Co.
Cochise Co.

Cochise Co.
Cochise Co.
Cochise Co.
Cochise Co.
Cochise Co.

Pima Co.

Pima Co.
Cochise Co.

Cochise Co.
Cochise Co.
Cochise Co.
Cochise Co.
Cochise Co.

Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ
Suizo Mtns, AZ
Cascabel Rd., AZ
Cascabel Rd., AZ
Cascabel Rd., AZ
Cascabel Rd., AZ
Cascabel Rd., AZ
Cascabel Rd., AZ
Cascabel Rd., AZ

Sasabe Rd, AZ

Sasabe Rd, AZ
Cascabel Rd., AZ

Cascabel Rd., AZ
Cascabel Rd., AZ
Cascabel Rd., AZ
Cascabel Rd., AZ
Cascabel Rd., AZ
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT

32.64259
32.638054
32.643493
32.645676
32.644334
32.645374
32.642519
32.639632
32.644952
32.643854
32.644432
32.645352
32.109299
32.123598
32.166379
32.17968
32.167463
32.159197
32.106659
31.51763
31.56694
32.09953
32.1742
32.17409
32.076
32.03044
31.97463
32.614898
32.60617
32.575549
32.605918
32.59756
32.608327
32.613555
32.608098
32.6088
32.610241
32.587881

-111.138
-111.137
-111.138
-111.138
-111.135
-111.141
-111.137
-111.138
-111.139
-111.137
-111.137
-111.137
-110.299
-110.289
-110.287
-110.291
-110.288
-110.286
-110.301
-111.239
-111.234
-110.172
-110.222
-110.223
-110.173
-110.173
-110.273
-111.208
-111.227
-111.208
-111.236
-111.208
-111.216
-111.219
-111.218
-111.214
-111.21
-111.208

Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
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Schuett
Schuett
Schuett
Schuett
Schuett
Schuett
Schuett
Schuett
Schuett
Schuett

Schuett

This Study
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This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study
This Study



CCo012
CCo13
CCo14
CCo15
CCo16
CCo017
CCO018
CCo019
CC020
CC021
CC022
CC023
CC024
CC025
CC026
CC027
CC028
CC029
CC030
CC031
CC032
CCo033
CC034
CCO035
CC036
CC037
CCO038
CC039
CC041
CC042
CC043
CC044
CC045
CC046
CC047
CC048
CC049
CC051

C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes

C. cerastes

CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT
CT

I-10

CAP
CT

CT
CT
CT
CT

CAP
CAP
CAP

CAP
CT

CT
CT

CAP
CAP
I-10

CAP
CT

CT
CT

CAP

32.611535
32.611136
32.59848
32.60569
32.605386
32.609523
32.609523
32.567809
32.6059
32.605818
32.606075
32.610273
32.61184
32.499993
32.609879
32.606014
32.437983
32.585421
32.613005
32.610685
32.567313
32.604614
32.609245
32.577575
32.576256
32.576256
32.576321
32.606007
32.620645
32.6091
32.499708
32.34015
32.33405
32.34714
32.36623
32.36629
32.36755
32.34758

-111.242
-111.208
-111.208
-111.237
-111.241
-111.243
-111.243
-111.208
-111.236
-111.237
-111.23
-111.242
-111.274
-111.206
-111.216
-111.233
-111.371
-111.326
-111.248
-111.208
-111.208
-111.208
-111.297
-111.299
-111.3
-111.3
-111.303
-111.232
-111.208
-111.312
-111.262
-111.19
-111.211
-111.101
-111.13
-111.129
-111.168
-111.178

Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
DOR-liver
DOR-liver
Blood
Blood
Blood
Blood
Blood
DOR-liver
Blood
Blood
DOR-liver
Blood
Blood
Blood
Blood
Blood
Blood
DOR-liver
DOR-liver
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Blood
Blood
Blood
Blood
Blood
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CC052
CCO053
CC054
CCO055
CC056
CC057
CCO058
CCPROO1
CCPRO002
CCPRO003
CCPRO04
CCPRO05
CCPR0O06
CCPROO7
CCPRO08
CCPR0O09
CCPRO10
CCPRO11
CCPRO12
CRCE 01
CRCE 06
CRCE 08
CRCE 09
CRCE 10
CRSC005
CRSC006
CS001
CS002
CS003
CS004
CS005
CS006
CS007
CS008
CS009
CS010
CS011
CS012

C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C. cerastes
C .cerastes
C .cerastes
C .cerastes
C .cerastes
C .cerastes
C .cerastes
C .cerastes
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C .cerastes
C .cerastes
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C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus

C. scutulatus

Pima Co

Pima Co
Pima Co

Pima Co

Pima Co.
Pima Co.
Pima Co.
Pima Co.
Pima Co.

Pima Co.

Pima Co

Pima Co

Maricopa Co.W. Maricopa Rd., AZ
Maricopa Co.W. Maricopa Rd., AZ

Maricopa Co.W. Maricopa Rd., AZ
Maricopa Co.W. Maricopa Rd., AZ

Maricopa Co.W. Maricopa Rd., AZ

CAP
CAP
CAP
CAP
CAP
CAP
CAP

. Hwy 85, AZ
. Hwy 85, AZ

.Hwy 85, AZ
. Hwy 85, AZ
Hwy 85, AZ
Hwy 85, AZ
Hwy 85, AZ
Hwy 85, AZ
Hwy 85, AZ
Hwy 85, AZ
. Hwy 85, AZ
. Hwy 85, AZ

Cochise Co., AZ

Cochise Co., AZ

CT
CT
CT
CT
CT
I-10
I-10
I-10
I-10
I-10
I-10
I-10

32.34747
32.34628
32.34619
32.35642
32.34469
32.34385
32.34451
32.43968
32.22324
32.31061
32.14144
32.18736
32.18298
32.16913
32.4427
32.30504
32.14462
32.24822
32.14016
33.00496
33.00469
33.0038
33.00596
33.00197
31.75094
31.72408
32.611827
32.61015
32.612463
32.609152
32.611308
32.518404
32.536665
32.553207
32.554972
32.554865
32.554821
32.33405

-111.178
-111.181
-111.182
-111.201
-111.182
-111.179
-111.189
-111.289
-112.757
-112.764
-112.766
-112.802
-112.76
-112.762
-111.304
-112.759
-112.764
-112.747
-112.765
-1.1E+07
-112.419
-112.42
-112.414
-112.421
-110.1
-110.085
-111.221
-111.226
-111.224
-111.309
-111.208
-111.281
-111.335
-111.343
-111.35
-111.35
-111.349
-111.211

Blood
Blood
Blood
Blood
Blood
Blood
Blood
Tissue
Tissue
Tissue
Tissue
Tissue
Tissue
Tissue
Tissue
Tissue
Tissue
Tissue
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Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
DOR-liver
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Blood
Blood
Blood
Blood
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CS013
CS014
CS015
CSo016
CS017
CS018
CS019
CS020
CS021
CS022
CS023
CS024
CS025
CS026
CS027
CS028
CS029
CS030
CS031
CS032
CSPROO01
CSPR003
CSPR004
CSPRO05
CSPR006
CSPR0O07
CSPRO0OS
CSPRO12
CSPRO13
CSPRO14
CSPRO15
CSPRO16
CSPRO17
CSPRO18
CSPRO19
CSPR020
Csx001
Csx002

C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus
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C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus
C. scutulatus

C. scutulatus

CAP
CAP
CAP
I-10
I-10
I-10
I-10
I-10
I-10
I-10
I-10
CAP
CAP
CAP
CAP
CAP
CAP
CAP
CAP
CT

Pima Co. Hwy 85, AZ
Pima Co. Hwy 85, AZ

Pima Co. Hwy 85, AZ
Pima Co. Hwy 85, AZ

I-10
Pima Co. Hwy 85, AZ
Pima Co. Hwy 85, AZ
Pima Co. Hwy 85, AZ

Pima Co., Tucson, AZ
Pima Co. Hwy 85, AZ

Pima Co. Hwy 85, AZ

Cochise Co., R. 191, AZ
Pima Co., Tucson, AZ
Pima Co., Hwy 83, AZ

Cochise Co., R. 191, AZ
Pima Co., Tucson, AZ

Graham Co., Cascabel Rd., AZ

Cochise Co., R. 181 AZ

32.34755
32.3474
32.29167
32.3316
32.33077
32.33176
32.33215
32.3317
32.33276
32.33225
32.33067
32.34364
32.34452
32.34394
32.34535
32.34343
32.34791
32.34801
32.30768
32.36682
32.33751
32.14876
32.2565
32.2355
32.4618
31.93614
32.25475

31.9173731.

32.3376
32.20748
32.2207
31.74502
32.30832
31.83843
31.60769
32.13081
32.595168
31.874467

-111.18
-111.181
-111.149

-111.2
-111.198
-111.201
-111.203
-111.199
-111.196
-111.194
-111.202
-111.178
-111.182

-111.18
-111.187
-111.177
-111.177
-111.178
-111.163
-111.146
-112.799
-112.763
-112.744
-112.751
-111.323
-112.799
-112.745
-112.805

-111.1
-112.759
-112.757
-109.681
-111.052
-110.692

-109.67
-111.181
-109.979
-109.599

Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
DOR-liver
Blood
Tissue
Tissue
Tissue
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Tissue
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Blood
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Csx0021
Csx003
Csx004
Csx005

C. scutulatus
C. scutulatus
C. scutulatus

C. scutulatus

Cochise Co., AZ
Cochise Co., R181, AZ
Coshise Co., R186, AZ

Pima Co., Sasabe Rd., AZ

32.161458

-110.285
3187413 109,508
32193381 100714

31.33655 -111.323

Blood
Blood
Blood
Blood
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