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Abstract

Most phylogeographic studies examine organisms that do not have transcontinental distributions and therefore the genetic and tem-
poral effects of barriers across an entire continent cannot be assessed with respect to a single species. We examined the phylogeographic
structure, lineage age, and historical demography using sequences from the mtDNA cytochrome b gene of the widespread North Amer-
ican racer (Coluber constrictor), one of the few abundant transcontinental snakes that occurs throughout many diverse biomes. Our
results indicate that this complex is comprised of six lineages differing greatly in geographic extent, with the largest (a central US clade)
being �26 times greater than the smallest (a lineage restricted to the Florida Panhandle and nearby portions of adjacent States). Most of
the six lineages appear to be separated at previously identified genetic barriers for several vertebrates with similar ranges. Lineage diver-
sification in this species began in the late Miocene, separating populations in the Florida Peninsula from the remainder of the US. Diver-
sification of lineages continued throughout the Pliocene and early Pleistocene. Four of the six lineages occur east of the Mississippi River,
with only two distinctly young (�1.5 mya) lineages found west of the Mississippi River (one occurs west of Continental Divide). All
methods of demographic inference, including the mismatch distribution, Fu and Li’s D* and Tajima’s D*, and Bayesian skyline plots
revealed population expansion occurring in the mid-to-late Pleistocene for every lineage, regardless of size or proximity to formerly gla-
ciated areas. Population expansion for lineages found east of the Mississippi River occurred earlier and was much greater than those
found west of the River.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Phylogeographic studies on terrestrial organisms in wes-
tern North America (N.A.) have shown that common bar-
riers to gene flow occur at the Rocky Mountains, the Great
Basin, the division between the Chihuahuan and Sonoran
Deserts and associated Cochise Filter Barrier, and the
Transverse Ranges in southern California (Zamudio
et al., 1997; Pook et al., 2000; Avise, 2000; Castoe et al.,
1055-7903/$ - see front matter � 2007 Elsevier Inc. All rights reserved.
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2007; Devitt, 2006; Feldman and Spicer, 2006). In eastern
NA, major barriers to gene flow have been identified at
the Mississippi River, the Tombigbee River and Mobile
Bay, the Appalachian Mountains, the Apalachicola River,
and river systems situated at either side of the Eastern Con-
tinental Divide (Burbrink et al., 2000; Moriarty and Cann-
atella, 2004; Moriarty et al., 2007; Howes et al., 2006;
Kozak et al., 2006; Soltis et al., 2006). These geological bar-
riers may have complex and non-uniform effects in separat-
ing populations among unrelated taxa and, provided that
the barriers are ancient, may have promoted lineage diver-
gence at varying times (Soltis et al., 2006). The identifica-
tion or corroboration of mutual genetic breaks is usually
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conducted on organisms only in particular areas of North
America (i.e., east or west of the Continental Divide, the
Southwestern US, Southeastern US) and not across the
entire continent. A benefit of examining the phylogeo-
graphic history of a species with a transcontinental range
is that it allows a comparison to be made of the relative
effects and timing of lineage divergence at barriers found
in the East with those found in the West. Moreover, it is
generally expected that, given the ecology and vagility of
the species in question, organisms with larger ranges would
tend to have a greater diversity of well-supported geo-
graphically defined lineages. Therefore, examining the phy-
logeographic and demographic history of a wide-ranging
species has the benefits of corroborating existing or finding
new barriers, dating the relative effects of these geographic
features, and uncovering the biogeographic history of a
region.

By definition, it is expected that organisms with large
ranges would occur in a variety of different habitats. There-
fore, not only can the effects of these habitats and geolog-
ical history of the regions be explored in terms of
phylogeographic structuring, but they can also be used to
compare the relative demographic differences among lin-
eages living in different areas. For example, it is expected
that lineages living in post-glacial regions would have expe-
rienced rapid population growth relative to those lineages
Fig. 1. Map of the United States showing the estimated range of each lineage o
for the identification of each phylogeographic lineage recognized in this study
living consistently in areas that did not experience sudden
increases in habitat due to glacial retreat (Fontanella
et al., in press; Hewitt, 1996; Nichols and Hewitt, 1994).

In North America, most mid-sized nonavian vertebrates
tend not to occupy ranges that cross an entire continent. Of
the 256 squamates (lizards and snakes) found in the United
States, only six species of snakes are distributed transconti-
nentally: the racer (Coluber constrictor), ringneck snake
(Diadophis punctatus), kingsnake (Lampropeltis getula),

milksnake (Lampropeltis triangulum), coachwhip (Masti-

cophis flagellum), and gartersnake (Thamnophis sirtalis).

Here we examine the phylogeographic and demographic
history of the North American racer (C. constrictor). This
single species of snake is one of the few non-avian verte-
brates that maintains a large and mostly continuous distri-
bution (Auffenberg, 1955; Fitch, 1999) throughout the
United States (excluding the Southwestern US) and occu-
pies numerous distinct biomes, including tropical savann-
ahs and subtropical regions of Florida, southern coastal
plain and pine forests, eastern deciduous and northern
mixed forests, prairie, Rocky Mountain evergreen forests,
cool deserts, and California chaparral (Fig. 1; Conant
and Collins, 1998; Stebbins, 2003). The racer is a moder-
ately large snake (adult size > 190 cm), often uniformly
darkly colored, and an extremely quick and active predator
that consumes a wide variety of invertebrates and verte-
f Coluber constrictor, the location of specimens sequenced, and the legend
.
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brates. This species maintains large population sizes ( > 15/
ha in some areas), and migrates seasonally from 1.8–2.3 km
in some parts of its range (Brown, 1973; Rosen, 1991;
Fitch, 1999). Even within particular geographic areas or
biomes of North America, this snake is active in many
types of habitats, including deserts, prairies, sandhills,
shrublands, woodlands, forests, canyons, streamsides, and
semi-agricultural areas; and can be found on the ground,
in water, as well as in trees.

Our goals are twofold: first, we identify all major geo-
graphically defined evolutionary lineages and estimate the
date of origin of these lineages. Soltis et al. (2006) found
that for many co-distributed lineages of distinct species in
the Southeastern US, the actual timing and effects of barri-
ers on the phylogeographic structure of these organisms are
not identical, thus leading to the appearance of psuedocon-
gruence in comparative phylogeography. Therefore, with
age estimates of each lineage of racer, we examine the spe-
cific temporal impact of historical or current barriers
responsible for the formation of these lineages. We also
compare these genetic barriers found in lineages of C. con-

strictor with those of other vertebrates that occupy por-
tions of this range. Second, we examine the relative
demographic changes through time among geographic lin-
eages that occupy areas with distinct habitats and geologi-
cal histories across North America. In particular, we
compare the relative population growth, stability or decline
among lineages occupying formerly glaciated areas with
those occupying unglaciated regions. It is expected that
the genetic signature of population expansion should be
greatest for those lineages currently occupying portions
of the formerly glaciated northern regions of North Amer-
ica (Hewitt, 1996; Nichols and Hewitt, 1994; Runck and
Cook, 2005). Therefore, we make a direct comparison of
population demographic history for lineages located only
in southern refugia with those northern lineages occurring
in or near postglacial areas.

2. Methods and materials

2.1. Sequence acquisition

We obtained 252 tissues of Coluber constrictor through-
out their known range for our phylogeographic analyses
(Figs. 1 and 2; Appendix 1). The closely related New World
colubrines, Masticophis, Salvadora, and Sonora, were used
as outgroups (Nagy et al., 2004; Lawson et al., 2005). The
standard method of proteinase K digestion in lysis buffer
Fig. 2. The Maximum likelihood (ML) tree produced using the GTR + C mod
the mtDNA cytochrome b gene. Values above branches indicate support fro
analyses and values below branches indicate Pp support from the summation of
of each of the six lineages is indicated with a bold bar and the location of each
county/parish. Museum number or individual collecting numbers are abbreviat
Museum of Natural Science), YPM (Yale Peabody Museum), FTB (Frank T. B
(Illinois Natural History Survey), MCB (Matt C. Brandley), TJL (Travis LaDu
LJV (Laurie J. Vitt), FMNH (Field Museum of Natural History), KJI (Kelley
(Joseph R. Mendelson, III), BHM (Benson H. Morrill), UNR (California Sta
followed by several rounds of phenol/CHCl3 extraction
and cleaning using 70% EtOH (Sambrook and Russell,
2001) was used to obtain total genomic DNA from samples
of shed skin, liver, muscle tissue or whole blood to obtain
template strength DNA/RNA ratios of 1.5–2.1 and DNA
concentrations from 10–200 ng/ll. Using the PCR with a
negative control (water), the complete gene sequence for
the mitochondrial gene cytochrome b (Cytb) was amplified
using the specifications included with the AccuTaq Jump-
start Kit (USB Corp.) in a 25 ll reaction. The following
thermal cycling conditions successfully amplified this gene:
95 �C for 2 min followed by 35 cycles of 94 �C (60 s), 47 �C
(30 s) and 68 �C (60 s). The PCR products were cleaned
using 1ll of ExoSap-it (USB Corp.) per 10 ll of PCR prod-
uct. The sequencing reaction consisted of 1 ll of BigDye
(Applied Biosystems, Perkin-Elmer, CA USA), 1 ll of
2 lM primer and 3 ll of DNA template. Sequences were
purified following the protocol from the Agencourt
CleanSeq Dye-terminator removal kit (Beckman Coulter,
USA) and analyzed on an ABI Prism 3730 sequencer
(Applied Biosystems, Perkin-Elmer, CA USA). Primers
for gene amplification and cycle sequencing reactions were
as follows: amplification, L14910 (de Queiroz et al., 2002)
and H16064 (Burbrink et al., 2000), sequencing, L14910
(de Queiroz et al., 2002) and a newly developed primer
for C. constrictor, ColSeq1F (CACAGCACTAACCAC
CTGA). Nucleotide sequences were examined and aligned
by eye using the program Sequencher 4.1.2 (Genecodes,
2000), and an open reading frame for this gene was verified.
No indels were found in any taxa used in this study for this
gene.

2.2. Phylogeographic estimation

Phlogeographic relationships of C. constrictor samples
were estimated with sequences from the Cytb gene using
Maximum Likelihood (ML) and Bayesian inference (BI).
The appropriate model for the ML analysis was selected
using Akaike Information Criterion (AIC) and Bayesian
Information Criterion (BIC) in the program Modeltest ver-
sion 3.06 (Posada and Crandall, 1998; Posada and Buckley,
2004), with the starting tree obtained using the neighbor-
joining algorithm in PAUP* v4.10b (Swofford, 2003). The
ML tree and associated support was obtained from 1000
nonparametric bootstrap pseudoreplicates (Felsenstein,
1985) under the preferred AIC and BIC model using the
program RAxML-VI-HPC MPI v. 2.0 (Stamatakis et al.,
2005). Nonparametric bootstrap values above 75% were
el for 241 individuals of Coluber constrictor and outgroups for 1117 bp of
m 1000 nonparametric bootstraps using the model indicated for the ML
10,000 trees using the 3(GTR + C + I) model. The geographic designation
specimen is given first by a two-letter capital abbreviation followed by the
ed as follows: CAS (California Academy of Sciences), LSUMZ (Louisiana
urbrink), MHP (Museum of the High Plains; Sternberg Collection), INHS

c; University of Texas Hill Memorial Museum), DBS (Donald B. Shepard),
J. Irwin), DGM (Daniel G. Mulcahey), CRF (Chris R. Feldman), JRM

te University, Northridge).
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considered good support for a bipartition (Hillis and Bull,
1993; Felsenstein, 2004).
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position, we performed a mixed-model analysis using BI
with MrBayes v. 3.1.1 (Huelsenbeck and Ronquist, 2001;
Ronquist and Huelsenbeck, 2003). Prior to tree inference,
two evolutionary models were evaluated for each dataset.
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The first model accounts for differences in evolutionary
rates of each of the three codon positions of the Cytb gene
using the GTR + C + I model with estimated base pair
(bp) frequencies for each codon position. For this codon-
position-specific model, abbreviated 3 (GTR + C + I), a
single tree was estimated for all three partitions simulta-
neously, but all other model parameters were unlinked
among partitions. The second method simply applied the
GTR + C + I model across all positions with no partition-
ing among codon positions.

For each model, two independent searches were exe-
cuted to ensure convergence of all parameters by compar-
ing the variance across chains within a search to the
chain variance among searches using Gelman and Rubin’s
‘‘r” statistic (Gelman et al., 1995). Searches were consid-
ered burned-in when the values for ‘‘r” reached �1.00.
All searches consisted of three ‘‘heated” and one ‘‘cold”

Markov chain estimated for 20 million generations, with
every 1000th sample being retained. Default priors were
applied to all parameters, except branch length, which
was drawn from an exponential distribution. A split stan-
dard deviation less than 0.005 for �lnL tree values among
chains indicated that parameter stationarity was achieved.
Trees sampled prior to stationarity were discarded. The
harmonic mean of the model likelihood, f (X|Mi), taken
from the stationarity phase was compared among different
models using Bayes factors (BF) for the equation 2loge B10

(Newton and Raftery, 1994). A Bayes factor value greater
than ten was considered as strong evidence favoring the
more parameter rich model (Kass and Raftery, 1995).
These BI trees were compared with those obtained using
ML and the most credible inferences of relationship were
confined to nodes where the posterior probability (Pp)
was greater than 95% and the nonparametric bootstraps
were greater than 75% (Hillis and Bull, 1993; Felsenstein,
2004).

2.3. Divergence dating

A ‘relaxed phylogenetics’ method was used to infer the
timing of origin of each lineage without relying on a molec-
ular clock and incorporating uncertainty in the tree estima-
tion process (Drummond et al., 2006). Using BEAST
v1.4.4 (Drummond and Rambaut, 2003; Drummond
et al., 2005) a phylogenetic estimate of all lineages with out-
groups was made using the GTR + C + I model parti-
tioned across the three Cytb codon positions. An
uncorrelated lognormal tree prior with a constant popula-
tion size prior and lognormal calibration dates (see below)
were used to estimate the timing of lineage divergence.
(Drummond et al., 2006). Additionally, we compared our
results using this uncorrelated lognormal tree prior with
those of Ho et al. (2005), who found that rates of evolution
increase exponentially with decreasing dates thus con-
founding accurate shallow time estimations.

To use this relaxed phylogenetics method, it was neces-
sary to provide calibration points. To place the fossils
properly on a tree with all 252 samples of C. constrictor,

we included other Cytb sequences from several New World
colubrine outgroups (Lawson et al., 2005): three individu-
als of the sister species Masticophis flagellum (California,
Kansas, and Florida), Masticophis taeniatus, Oxybelis aen-

eus, Opheodrys aestivus, Spilotes pullatus, Drymarchon cor-
ais, Tantilla relicta, Phyllorhynchus decurtatus, Sonora

semmiannulata, and Salvadora mexicana. Two calibration
references were used simultaneously for these trees and
were derived from the Miocene snake fossil record of
North America. The New World (NW) genera Coluber

and Masticophis are known from the early or middle part
of the late Miocene and a mean date of 11 my (million
years) with a lognormal standard deviation of 0.1 was
placed at the MRCA of those two genera (Holman,
2000). This produced a 95% credible sampling interval
(CI) from 9.04 to 13.28 my, which encompasses the upper
North American Land Mammal Age (Barstovian) where
fossils belonging to either genera are no longer found. A
mean calibration reference of 19 my and a lognormal stan-
dard deviation of 0.2 was used for the root of the tree,
which corresponds to a monophyletic group that included
members of the New World Colubrinae. This date corre-
sponds to the fossils Paracoluber and Salvadora, the earliest
known NW colubrine snakes positively associated with
extant NW members of the Colubrinae. The upper end of
this CI (12.84–28.12 my) ranges into the Oligocene and
no New World Colubrines with modern affinity have been
found in this epoch (Holman, 2000). Fossils after the
higher sampling interval, 28 my, correspond only to
ancient taxa not credibly identified as belonging to modern
members of Colubrinae (i.e., Texasophis; Holman, 2000).
Therefore, this sampling interval from the lognormal distri-
bution most likely captures the date of origin of the root of
this tree.

2.4. Historical demography

We examined past population dynamics of each phylog-
eographic lineage using several methods including Bayesian
skyline plots (BSP; Drummond et al., 2005). This technique
permits the estimation of effective population size (Ne)
through time and does not require a specified demographic
model (e.g, constant size, exponential growth, logistic
growth, or expansive growth) prior to the analysis. The
appropriate phylogenetic model (GTR + C + I) with a
relaxed exponential clock was used to estimate BSP in
BEASR v1.4.4 (Drummond and Rambaut, 2003; Drum-
mond et al., 2005) for each lineage. We applied 15 grouped
coalescent intervals (m) and priors for the phylogenetic
model and the population sizes were uniformly distributed.
These analyses, estimating geneologies and model parame-
ters, were sampled every 1000th iteration for 10 � 106 gen-
erations with 10% of the initial samples discarded as
burnin. Additionally, we used divergence date estimates
for the MRCA of all haplotypes in a lineage to place an
estimate of time on these demographic analyses. We used
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a relaxed uncorrelated lognormal molecular clock with
mean divergence dates and lognormal standard deviation
values to reflect the 95% CI obtained from the dating esti-
mates for each clade (see above) when inferring demo-
graphic changes over time using BSP.

To provide other estimates of population size changes,
we also examined site mismatch distributions. Contrasting
plots of observed and theoretical distributions of site differ-
ences yields insight into past population demographics. A
unimodal mismatch distribution indicates a recent range
expansion, multimodal (including bimodal) mismatch dis-
tribution indicates diminishing population sizes or struc-
tured size, and a ragged distribution suggests that the
lineage was widespread (Rogers and Harpending, 1992;
Rogers et al., 1996; Excoffier and Schneider, 1999; Excof-
fier et al., 1992). The multimodal distribution may also
indicate that the population is influenced by migration, is
subdivided, and/or has undergone historical contraction
(Marjoram and Donnelly, 1994; Bertorelle and Slatkin,
1995; Ray et al., 2003). Statistical significance of these dis-
tributions using sum of squares distances (SSD) and Har-
pending’s raggedness index (rg; Harpending, 1994) were
tested against a null distribution of recent population
expansion using 2000 bootstrap replicates in Arlequin
(Excoffier et al., 2005). The R2 statistic of Ramos-Onsins
and Rozas (2002) was also calculated, which has more sta-
tistical power when population sizes are small.

We examined the putative confounding effects that selec-
tion can have on assessing population growth in each line-
age using Tajima (1989) and Fu and Li’s D* (1993) in the
program DnaSP 4.10.8 (Rozas et al., 2003). Because the
results of both statistics may not separate the effects of
population expansion from purifying selection (Braverman
et al., 1995; Simonsen et al., 1995; Fu, 1996; Fu and Li,
1993, 1999; Hahn et al., 2002), we examined each test for
both pS (within lineage synonymous sites) and pN (within
lineage nonsynonymous sites) separately. If population
expansion has occurred, then both statistics for pS and
pN should be significantly negative. In contrast to the
homogeneous effects on both types of substitutions, purify-
ing selection is expected to yield significantly negative test
statistics for pN only (Rand and Kahn, 1996; Hahn et al.,
2002).

3. Results

3.1. Sequences and phylogeographic structure

The sequence length of Cytb for C. constrictor and all
outgroup taxa was 1117bp, in reading frame, and con-
tained no indels. All sequences of C. constrictor produced
from this paper were assigned the following GenBank
Accession Nos.: EU180238–EU180489. Sequence align-
ments were submitted to TreeBase under the number
SN3615.

Using Modeltest version 3.06 (Posada and Crandall,
1998; Posada and Buckley, 2004), the best fit ML model
as predicted by both AIC and BIC for the ML analysis
was the TvM model with C = 0.6837 and I = 0.3965, and
the following rate matrix for substitutions: rAC = 0.7089,
rAG = 4.4505, rAT = 1.2124, rCG = 0.3636, rCT = 4.505,
rGT = 1.000. Although slightly over-parameterized, the
approximation of this model in the program RAxML-VI-
HPC v. 2.0 (Stamatakis et al., 2005) was GTR + C yielding
a final �lnL value of �7680.9315.

For the BI analysis, the more parameter rich model,
3(GTR + C + I) was chosen using posterior Bayes factors.
Burnin-occurred at ten million generations as determined
by Rubin and Gelman’s r value of 1.000 for the �lnL tree
likelihood. The Pp distribution contained 10,000 trees sam-
pled after burn-in. Both replicated runs using this same
model with random starting trees produced a similar har-
monic mean �lnL values for the trees after burnin:
�7510.16 and �7511.36.

The ML and BI trees revealed six major clades found in
distinct geographic areas (Figs. 1 and 2). The geographic
association of each clade and probable area given the range
of individuals in a clade (calculated by summing the area
inside the polygons drawn around sampled localities) is
as follows:

1) Peninsular Florida: The range extends from the
northern area of the Florida Peninsula to the Florida
Keys, occupying �115,415 km2.

2) Eastern: This clade ranges from southern Georgia to
eastern Alabama, north to southern Illinois, east
through the Appalachian Mountains to Massachu-
setts and southeast to northern FL, covering
�997,664 km2.

3) Florida Panhandle: The range of this group follows
the Panhandle of Florida to the Mobile Bay and
north into central Alabama; occupying � 98,365 km2.

4) Gulf Coast: This clade extends from Mobile Bay and
continues west to the Mississippi River and north to
southern Illinois, covering �220,328 km2.

5) Central: The range of this group extends from the
eastern most portion of the Rocky Mountains from
New Mexico to Montana, through the Great Plains
and to the Mississippi River Embayment from south-
ern Illinois to Louisiana and north of the Mississippi
River Embayment through Central/Northern Illinois
and Indiana. The range of this lineage is by far the
largest, occupying �2,513,012 km2

6) Western: This lineage extends from the Rocky Moun-
tains in Utah and Idaho to Washington, Oregon,
Nevada, and Southern California, covering
�1,020,809 km2.

The Florida Peninsula (1) and Gulf Coast (4) lineages
were well supported by both phylogenetic methods. All
geographic lineages were supported above 99% Pp using
BEAST 1.4.4 for the divergence dating estimation. More-
over, nodes subtending most of the geographically adjacent
clades (2 and 3, 5 and 6) were also well supported (100% Pp
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and bootstrap values). Reciprocal monophyly of the Wes-
tern and Central lineages were poorly supported (ML boot-
strap and Pp using MrBayes), possibly due to the extremely
short branches subtending the MRCA of each clade. Rela-
tionships among these six clades of C. constrictor for the
ML or BI (BEAST v1.4.4) are as follows: the Peninsular
Florida clade (1) is the oldest and connects to the node
subtending the division between clades oriented west (5
and 6) and east (2, 3 and 4) of the Mississippi River
Embayment. Results from the BI analysis placed clade
(1) as the sister to clades (2, 3 and 4) with the earliest divi-
sion among C. constrictor found at the Mississippi River
separating clades 1,2, 3 and 4 from clades 5 and 6. It is
unclear why there is a discrepancy here among methods
concerning the placement of the Peninsular Florida Clade,
however it appears, given evidence from nuclear genes in a
forthcoming study on the evolution of the Colubrinae (in
preparation), that the basal node in C. constrictor subtends
this lineage and the remainder of the continental lineages.
Topological support within any of the six geographically
defined lineages is generally weak (Fig. 2). Both ML and
BI methods consistently inferred the same geographical lin-
eages; therefore, all subsequent analyses are conducted on
all six clades.
3.2. Divergence dates

In contrast to Ho et al. (2005), we found no significant
association between time and rate of substitution (Fig. 3).
Using either linear or a polynomial regression to examine
reliance of rate of substitution and time (in the program
Fig. 3. The median rate of substitution plotted against time (mya) for
every node estimated for the date of divergence of lineages of Coluber

constrictor using all 252 samples and outgroups (see text). The divergence
dates were inferred using the relaxed phylogenetics method of Drummond
et al. (2006) with an uncorrelated lognormal relaxed clock and various
lognormal tree priors. Linear regression analyses demonstrated no
significant elevation of rate with decrease time (b = �0.0004; P ’ 0.438;
r2 = 0.0034).
Statistica [Statsoft, 2003]) did not produce a significant
slope (b = �0.0004; P < 0.438) and yielded a low regression
coefficient (r2 = 0.0034). An increase in substitution rate
did not occur when date estimates were below one million
years.

The origin of Coluber appears to have occurred in the
mid-Miocene, �11 million years ago (mya), followed by
the initial divergence at the Florida Peninsula beginning
in the late-Miocene or early Pliocene (�6 mya; Fig. 4;
Table 1). Although the mean divergence date values for lin-
eages are discussed for convenience, error in date estima-
tion should be considered (Table 1; Fig. 4). Divergences
within lineages found east of the Mississippi River Embay-
ment (i.e., Gulf Coast, Eastern and Panhandle Florida)
took place throughout the Pliocene or the early Pleistocene,
with the initial divisions occurring �6 mya at the Florida
Peninsula. The youngest geographic lineages of C. constric-

tor formed at the Rocky Mountains in the early Pleistocene
(�1.5 mya). Extant haplotypes from any single lineage
individually share a MRCA from 0.87 to 1.5 mya (Fig. 5;
Table 1). These dates and the lognormal standard devia-
Fig. 4. The posterior probability (Pp) frequency distribution of dates for
major clades of Coluber constrictor inferred using a Bayesian relaxed clock
model. The numbered nodes on the divergence date Pp distribution are
placed on a reduced sampled tree (illustrated for clarity but inferred using
all samples of C. constrictor; see text) showing the origin of major lineages
with mean divergence dates (MYA) placed next to nodes.



Table 1
The dates of origin of lineages of Coluber constrictor from their initial divergence (ancestral splits; stem origin) and the time to the most recent common
ancestor (tmrca) of extant haplotypes

Lineage Stem origin (MYA) tmrca extant haplotypes (MYA)

Origin of Coluber 10.97 (SD = 0.021; 95% CI = 8.890–13.122) NA
Eastern 1.833 (SD = 0.039; 95% CI = 0.891–2.925) 1.116 (SD = 0.110; 95% CI = 0.521–1.889)
FL Peninsula 6.183 (SD = 0.164; 95% CI = 3.163–9.667) 1.038 (SD = 0.037; 95% CI = 0.264–2.042)
Panhandle FL 1.833 (SD = 0.039; 95% CI = 0.891–2.925) 1.061 (SD = 0.059; 95% CI = 0.453 = 1.810)
Gulf Coast 3.345 (SD = 0.090; 95% CI = 1.715–5.371) 1.540 (SD = 0.432; 95% CI = 0.570–2.574)
Central 1.530 (SD = 0.040; 95% CI = 0.612–2.673) 0.902 (SD = 0.103; 95% CI = 0.381–1.513)
Western 1.530 (SD = 0.040; 95% CI = 0.612–2.673) 0.872 (SD = 0.137; 95% CI = 0.375–1.499)

Values in parentheses represent the standard deviation (SD) and 95% credible interval (CI) as estimated using an uncorrelated lognormal Bayesian relaxed
molecular clock (see text for details).

Fig. 5. The posterior probability frequency distribution of dates indicat-
ing the tmrca (time to the most recent common ancestor) for extant
haplotypes of each lineage.
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tions for each lineage respectively are used as root prior
times in the following historical demographic estimates.
3.3. Historical demography

Estimation of Bayesian skyline plots for each lineage
using BEAST v1.4.4 (Drummond and Rambaut, 2003;
Drummond et al., 2005) indicated that the initial analyses
of ten million generations produced adequate effective sam-
pling sizes. The Bayesian skyline plots (Fig. 6) revealed
similar logistic population growth curves among lineages
and detected no evidence of past population declines.
Moreover, population growth for all lineages occurred
prior to 200,000 years ago and it does not appear that
any clades were adversely affected by glacial cycles. We fur-
ther compared magnitude of population expansion among
lineages and found that the lineages west of the Mississippi
River consistently displayed the smallest increase (30�) in
population over time, whereas one of the smallest lineages,
the Gulf Coast, showed a 100� increase in population size
over the last 1 my. Moreover, population expansion in
most lineages found east of the Mississippi River began
before 400,000 years ago, whereas those west of the River
only began �200,000 years ago.

Graphs of the mismatch distribution (Fig. 7) indicate a
significant unimodal distribution indicating expansive pop-
ulation growth for all lineages, although the Panhandle
Florida lineage appears slightly bimodal. Confirming the
mismatch distribution, tests of the observed SSD and rg

statistics in these populations failed to reject the null
hypothesis of recent population expansion for any of the
lineages (Table 2).

Results from Tajima’s D* and Fu and Li’s D* tests also
indicate that pS and pN sites were significantly negative for
most lineages (Table 2). Moreover, the difference in test
statistics for pN and pS were quite small, indicating the
same effect, population expansion, was acting on both
types of sites. This agrees with the other methods of demo-
graphic inference that suggest lineages have undergone
population growth rather than Cytb experiencing purifying
selection. The Western Lineage did not yield a significant
Tajima’s D* value for pS sites. However, this pattern was
not detected by Fu and Li’s D* statistic for this lineage.
Additionally, the Florida Panhandle lineage was not signif-
icant for pS as indicated by Fu and Li’s D* statistic, but was
for Tajima’s D*
4. Discussion

4.1. Biogeographic history

The racer evolved in the mid-Miocene and is currently
composed of six geographically distinct lineages. The basal
split within C. constrictor subtends the Peninsular Florida
lineage and all other clades and occurred in the late Mio-
cene (Fig. 4; Table 1). The size of the clades emerging from
this basal split is extremely uneven: one lineage is found
only in the Florida Peninsula and the other clade (com-
posed of five distinct lineages) ranges throughout most of
the United States and portions of northern Mexico (Figs.
1 and 2). This late Miocene divergence would suggest that
populations of C. constrictor were isolated in peninsular



Fig. 6. Demographic history of each of the lineages of Coluber constrictor (displayed separately [A] and combined [B]) as determined from Bayesian
skyline plots using the GTR + C + I for each model estimated for 10 million generations in the program BEAST v1.4.4 (Drummond and Rambaut, 2003;
Drummond et al., 2005). The central line represents the median value for the log of the population size (Ne

*s) and the shaded area represents the 95%
highest posterior density.
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Florida from mainland populations, possibly due to rising
sea levels. Geological evidence indicates that sea level fluc-
tuations in Florida were common from the late Miocene/
early Pliocene to the Pleistocene, which at various times
would have effectively separated populations in the adja-
cent continental US from those in the Florida Peninsula.



Fig. 7. Mismatch distribution for observed frequencies of each lineage of Coluber constrictor compared to the expected frequencies for constant
population sizes.

Table 2
Nucleotide diversity (p), average number of pairwise differences (k), and the result of Tajima’s D and Fu and Li’s D statistic for each lineage of Coluber

constrictor for all sites, synonymous (pS), nonsynonymous sites (pN), and the difference between pS and pN (DpS � pN)

Test Peninsular FL Eastern Gulf coast FL panhandle Central Western

P 0.002 0.007 0.003 0.009 0.003 0.005
K 1.972 6.741 3.220 8.567 3.250 4.679
Tajima’s D (all) �2.414 �2.295 �2.363 �2.134 �2.362 �2.102
Tajima’s D pS �2.256 �2.041 �2.146 �1.956 �2.146 �1.566*

Tajima’s pN �2.166 �2.512 �2.455 �2.130 �2.455 �2.565
Tajima’s D pS � pN �0.090 0.471 0.309 0.174 0.309 0.999
Fu and Li’s D* (all) �3.677 �3.609 �2.364 �2.876 �4.619 �4.016
Fu and Li’s D* pS �3.134 �2.895 �4.075 �2.363* �4.079 �2.686
Fu and Li’s D* pN �3.470 �3.930 �5.169 �3.249 �5.169 �4.952
Fu and Li’s D*DpS � pN 0.336 1.035 1.094 0.619 1.094 2.265
Raggedness rg 0.023 0.007 0.016 0.013 0.016 0.009
SSD 0.038 0.003 0.027 0.010 0.015 0.043
R2 0.042 0.043 0.034 0.048 0.032 0.044

The results of the observed mismatch distribution against a sudden expansion distribution are reported as the Harpending (1994) raggedness rg statistic,
the Ramos-Onsins and Rozas (2002) R2 statistic and the sum of squared deviations (SSD). No mismatch distribution statistics were significantly different
from the sudden expansion model. All values for each of these test are significant below the threshold P < 0.05 except *.
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The Florida Peninsula, when inundated at these times,
would have existed as a series of islands now present as sev-
eral north-south central ridges (Webb, 1990; Clark et al.,
1999). In agreement with the range of this lineage of C. con-

strictor, numerous squamates (Conant and Collins, 1998),
mammals (Burt and Grossenheider, 1976), and birds (Pet-
erson, 1980) are also endemic to the Florida Peninsula as
well as genetically unique populations of white tailed deer
(Odocoileus virginianus; Ellsworth et al., 1994), the beach
mouse (Peromyscus polionotus; Avise et al., 1983), and
the mud turtle (Kinosternon bauri; Walker et al., 1998).

The next major division within C. constrictor occurred in
the late Miocene or early Pliocene (Fig. 4) between the lin-
eages found east and west of the Mississippi River Embay-
ment. Although the Mississippi River has been implicated
as a major genetic barrier for many squamates (Burbrink
et al., 2000; Burbrink, 2002; Leaché and Reeder, 2002;
Howes et al., 2006) and other vertebrates (see Soltis
et al., 2006), the date of origin and region where this River
severed gene flow is usually not highlighted. The Missis-
sippi River Embayment originates in southern Illinois at
the confluence of the Mississippi River and the Ohio River
and drains into the Gulf of Mexico. The embayment is one
of the oldest and largest drainage basins in the world, char-
acterized as a wide low valley originating in the Cretaceous
(Cushing et al., 1964; Arthur and Taylor, 1998). Although
the Mississippi River Embayment may act as a mutual
genetic barrier for many unrelated taxa, the timing of this
effect could be quite variable. Provided that the age of
taxon in question is old enough, any phylogeographic lin-
eages formed by the Mississippi River Embayment could
have originated anytime over the last 65 million years.
Due to a lack of divergence dating or coalescent estimation
of simultaneous divergence (Hickerson et al., 2006), it is
not clear if there are common and optimal times that the
Mississippi River Embayment would have acted as a bar-
rier to gene flow for unrelated taxa. Additionally, our study
demonstrates that the recently glaciated areas of the Upper
Mississippi River, above southern Illinois, were not effec-
tive at separating lineages (Fig. 1), most likely due to colo-
nization across this River after glacial retreat. Haplotypes
from the Central Lineage do not occur east of the Missis-
sippi River Embayment but are found well east of the
Upper Mississippi River through formerly glaciated areas
of Illinois and Indiana. This might suggest that additional
sampling of other taxa with phylogeographic lineages
believed to have been formed by the entire course of the
River will reveal that the Upper Mississippi River is not
an effective barrier.

The origin of the remaining three clades east of the Mis-
sissippi River Embayment occurred in the Pliocene up to
the early Pleistocene (Fig. 4; Table 1). The Gulf Coast clade
appears to have been separated from the Florida Panhan-
dle and Eastern Lineages by the Tombigbee and the Ten-
nessee River nearly three to four million years ago and
from the Central Lineage by the Mississippi River (dis-
cussed above). The Tombigbee River and the Alabama
River empty into the ecologically distinct Mobile Bay
and this geographic area has been implicated as a major
genetic barrier for organisms with different ecologies: the
sunfish (Lepomis gulosus; Bermingham and Avise, 1986),
water snakes (Nerodia rhombifer and N. taxispilota; Law-
son, 1987), and the Carolina chickadee (Parus caroliniensis;
Gill et al., 1993). A similar age of divergence in the Pliocene
or early Pleistocene has been identified for these taxa (Sol-
tis et al., 2006). A recent study on the historical effects of
southeastern US drainages on lineage evolution in the
two-lined salamander (Eurycea multiplicata) found diver-
gence dates between haplotypes found in Mobile Bay area
and those in the Tennessee River Basin to be �7 mya
(Kozak et al., 2006). The division between the Eastern
and Panhandle Florida lineages occurred in the early Pleis-
tocene. The northern boundaries between these two lin-
eages appear to follow the Fall Line in northeastern
Alabama to the northern edge of the Florida Peninsula.
The boundary between the older Central Lineage and the
Eastern Clade in Illinois, Indiana, and Ohio is uncertain
and will require additional sampling to positively identify
the edge of the distributions of these clades.

In contrast to the more diverse and older genetic lin-
eages east of the Mississippi River Embayment are the rel-
atively young Western and Central lineages dating only to
the early Pleistocene (Figs. 1, 2 and 4). This division
between these lineages at � 1.5 mya occurs at the Conti-
nental Divide, with the Central Clade extending from wes-
tern Louisiana through the Great Plains to the eastern edge
of the Rocky Mountains. The Western Clade is distributed
throughout the West Coast and the Great Basin. One sam-
ple from the Central Clade was found west of the Conti-
nental Divide on the Colorado Plateau. Both of these
clades occupy the largest geographic area of any lineages
(Central ’ 2.5 million km2 and the Western ’ 1 million
km2) of C. constrictor, are quite young, and range through
many different biomes compared to the more restricted,
diverse, and older eastern lineages. The separation of the
Western from the Central Lineage agrees with the taxo-
nomic conclusions based on morphological data presented
by Fitch et al. (1981). They indicated that racers west of the
Rocky Mountains were distinct from those found east,
although Greene (1984) has presented morphological data
to the contrary.

This basic phylogeographic division between the Wes-
tern and Central lineages has been documented in other
squamates: Short-horned Lizards (Phyrnosoma; Zamudio
et al., 1997) and the Western Rattlesnake (Crotalus viridis;
Pook et al., 2000; Ashton and de Queiroz, 2001). At the
time of these divergences (�1.5 mya), most of the uplifting
of the Rocky Mountains had nearly ceased (Ruddiman and
Kutzbach, 1989; Zamudio et al., 1997; Pook et al., 2000)
but major changes due to aridification west of the Conti-
nental Divide were already in place. It is surprising that
deeper divergences and greater population structure within
each of these western lineages were not noticed, particu-
larly given the structure throughout California at the Cen-
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tral Valley and Transverse Ranges seen in other squamates
(Feldman and Spicer, 2006). With respect to the racers, it
may be that the lineages are simply too young to have
acquired these differences or that the marker used here is
insufficient at tracking more rapid changes.

4.2. Demographic history

Most methods of inferring population growth used here
are in agreement and predict population expansion for
every lineage. The more traditional coalescent measures
(i.e., Fu and Li’s D*, Tajima’s D*, and the mismatch distri-
bution), while not using information from models of evolu-
tion, tree structure, or divergence date estimation from
Bayesian relaxed clocks, still predict recent population
expansion (Table 2; Fig. 7).

Bayesian Skyline plots also demonstrated population
expansion, but in contrast to the other methods, provided
the shape of population growth and an estimation of date
for this expansion. All lineages appear to have undergone
slow logistic population growth, with significant variation
in the rate and magnitude of population change over time
among clades (Fig. 6). It should be underscored that all lin-
eages, regardless of age of origin, experienced gradual pop-
ulation expansion. This growth began, for lineages east of
the Mississippi River Embayment, before 600 thousand
years ago (kya), and in the two western lineages around
200 kya. Therefore, it is clear from these data that all lin-
eages expanded regardless of the occurrence of multiple
glacial maxima and subsequent reduction in geographic
area. No clear population expansion pattern distinguishes
lineages found in post-glacial regions (Eastern, Central or
Western) from those located entirely in glacial refugia
(Florida Peninsula, Panhandle Florida and the Gulf
Coast). In fact, the Gulf Coast lineage, the third smallest
in terms of geographic area, experienced the greatest
change in population size over the last 600 kya, increasing
by 100� (Fig. 6). It is tempting to consider current aspects
of the biology and ecology of C. constrictor to hypothesize
why, regardless of their geographic location, every lineage
is characterized by population growth. Throughout their
range, this medium-to-large bodied snake tends to occur
in large populations, is adapted to a wide variety of habi-
tats and is a generalist with respect to diet, preying on ver-
tebrates and invertebrates (Fitch, 1963, 1999). These
adaptations to a wide variety of diets and habitats may
have permitted the rapid colonization of new areas and
prompted population expansion in every lineage regardless
of geographic area.

Finally, our results demonstrate a clear pattern of line-
age origin and demographic change across the continent.
The smaller lineages found east of the Mississippi River
Embayment are older and showed evidence of population
expansion several hundred thousand years prior to the
younger, larger western lineages (Central and Western).
The MRCA of all haplotypes for any lineage occurred
before 800 kya and prior to population growth in any clade
(Fig. 5; Table 1), yet population expansion began much
later at only �200 kya in the western lineages. Although
difficult to explain, it is possible that a certain amount of
lag time prior to population expansion (or noticeable pop-
ulation expansion using BSP) takes place after the origin of
a lineage, particularly at the scale for the area occupied by
these western lineages.

4.3. Conclusions

Widely ranging taxa are ideally suited to test the effect
and timing of multiple genetic barriers at a continental
scale. For the transcontinental racer, the majority of lin-
eages are found in the eastern US, with only one major
division occurring at the Western Continental Divide.
Lineage diversification began in the southeastern US in
the late Miocene and moved west with the final diversifica-
tion events occurring in the early Pleistocene. The location
of most geographic breaks coincides with those found for
other vertebrates. Although, our results demonstrate that
in the racer, the Mississippi River is only serving as a
genetic barrier at the Mississippi River Embayment and
not in the formerly glaciated region of the Upper Missis-
sippi River. Therefore, other studies might be revised
regarding of the interpretation of the entire Mississippi
River acting a genetic barrier. All methods of assessing past
population demographics are generally in agreement that
every lineage of this generalist snake experienced popula-
tion growth. However, population expansion occurred
much earlier in the eastern lineages and the magnitude of
growth was much higher in these clades as well. According
to the general lineage species concept, the racer may not be
a single taxon, particularly since several lineages are well-
defined geographically and are of very ancient origin. This
raises the question, are there really any single transconti-
nental squamate species? Ultimately, it may be that non-
volant, naturally occurring small vertebrates that actually
have a transcontinental range are indeed a biological rarity.
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