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ABSTRACT

EVOLUTION, PHYLOGEOGRAPHY AND SPECIES BOUNDARIES OF THE

RINGNECK SNAKE GENUS DIADOPHIS

ADVISER: Dr. Mark E. Siddall

The monotypic snake genus Diadophis Baird and Girard, 1853 is one of the most

widely distributed and morphologically variable snakes throughout North America.  This

snake (Diadophis punctatus) exploits a variety of habitats and ecological niches ranging

from the mixed hardwood forests of southern Canada to the desert of the Southwestern

US and Central Mexico (excluding the northern Great Plains states. Ringneck snakes

have traditionally been divided into 13 subspecies based on a combination of morphology

and geography. This study has provided the first range-wide molecular study and

provides a framework for the origin, evolution and biodiversity in the genus Diadophis.

Analysis of mtDNA sequence data inferred 16 mtDNA lineages that replace each other

geographically across the United States and into central Mexico.  In contrast to previous

hypothesis, ancestral area reconstructions inferred an origin for D. punctatus in the

southeastern United States during the Miocene, followed by a southeast to northeast then

westward directionality of historical migration. Demographic analyses indicate that

independent lineages currently occupying previously glaciated or unsuitable areas in

eastern, central and western U.S. underwent post-glacial population expansion likely

from southern refugia during the late Pleistocene/early Holocene. Conversely, southern

lineages display patterns consistent with long-term population stability. For the purposes

of species delineation, ecological niche modeling does not show isolation due to

unsuitable habitat. Ten novel microsatellite loci developed for this study suggest that
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most species boundaries are maintained through a balance of selection and dispersal in

hybrid zones. Based on the geographic distribution of the mtDNA lineages and the

microsatellite frequency data, we hypothesize that there are eight species within the

genus Diadophis throughout the Eastern United States. This body of work provides a rich

framework for further study including, examining species boundaries in the western

lineages, determining population structure within species, and detailed examination of

hybrid zones.



vi

ACKNOWLEDGEMENTS

I would like to thank the following institutions and persons for providing help

with obtaining tissue samples: Jens Vindum and Robin Lawson (California Academy of

Sciences), Chris Austin and Donna Dittmann (Louisiana State University Museum of

Natural Sciences), Chris Phillips and John Petzing (Illinois Natural History Survey,

Robert Espinoza (California State University, Northridge Herpetology Collection, Laurie

Vitt and Don Shepard (Oklahoma Museum of Natural History), Jimmie McGuire and

Carla Cicero (Museum of Vertebrate Zoology), Greg Watkins-Colwell (Yale Peadbody

Museum of Natural History), John Wilson (Savannah River Ecology Lab), C. S. Leib

(University of Texas El Paso), Leslie Rissler (University of Alabama), John Campbell,

Eric Smith, Carl. J. Franklin and Robert. Jadin (University of Texas at Arlington), Wayne

Van Devender (Appalachian State University), Joe Collins, Travis Taggart and Carl

Smith (Sternberg Museum Collection), Matt Brandley, Dan G. Mulchahy, Bob L.

Christman, Michael R. Cummer, Richard F. Hoyer, Richard E. Weaver, Nick J.

Anderson, John F. Parham, Mike Hazel, William Bosworth, Jack Meik, Kevin Setser,

Kelly Irwin, Phil Frank, John Gilhen, Jace Robinson, Bill Peterman, Corey Roelky and

Tony Gamble.

I owe special thanks to those who accompanied my on field trips and the

collection tissues, Frank Burbrink, Tim J. Guiher, Alex Pyron, Cynthia Jimenez, Liz

Borda, Eric Waltari, Ken McDonald, Susan Perkins, Anna Rothschild, Mike Percival,

Jeff Pollock, and Kathryn Perez.

I am grateful to Amy Hunter, Jeff Pollock, Liz Borda and Kathryn Perez for their

generous hospitality and allowing me to crash at their homes during field trips.



vii

I am indebted to the following individuals who have sculpted and help lay for

foundation for my career:

Dr. Thomas S. Hopkins (University of Alabama) for his inspiration and never

ending amazement with the natural world.  I would like to thank him for making field

trips mandatory for his undergraduate courses and teaching me that fieldwork continues

regardless of weather conditions.

Dr. Mark Siddall (American Museum of Natural History), my mentor, friend,

confidant and fellow connoisseur of fine whiskies.  Without Mark’s exceptional

generosity, this work would not have been possible.  Not only has he provided me the

opportunity to explore my own interests, but has helped shape those interests.  He has

provided countless opportunities for career advancement, collaboration, travel, and

exploration as well as a serving as a model for the type of mentor I one-day hope to

become.  I am forever indebted to you.

I thank my family, especially my parents, Frances and Joseph Fontanella, and my

brothers, Joe and Mark, for their support, encouragement, and never-ending love.  I’d

also like to thank them for understanding the missed birthdays, family outings, holidays

and especially the golf trips.

Two American Museum of Natural History Theodore Roosevelt Memorial Fund

awards, a City University of New York student travel award and Mark Siddall’s

unmatched generosity supported this dissertation research.  I’d also thank the following

agencies that granted scientific collecting permits: Alabama Department of Conservation

and Natural Resources, Arkansas Game and Fish Commission, Georgia Department of

Wildlife Resources, West Virginia Division of Natural Resources, Kentucky Department



viii

of Fish and Wildlife Resources, South Carolina Division of Game, Tennessee Game and

Fish Commission, Virginia Commission of Game and Inland Fisheries, Mississippi Game

and Fish Commission and the New York State Department of Environmental

Conservation.



ix

TABLE OF CONTENTS

PAGE

ABSTRACT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .iv

ACKNOWLEDGMENTS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . .vi

LIST OF TABLES. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

LIST OF FIGURES. . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .xii

CHAPTER 1: HISTORICAL OVERVIEW. . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . .1

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .2

Ecological Review . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .2

Systematic Review . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

CHAPTER 2: PHYLOGEOGRAPHY OF DIADOPHIS PUNCTATUS: EXTENSIVE

LINEAGE DIVERSITY AND REPEATED PATTERNS OF HISTORICAL

DEMOGRAPHY IN A TRANS-CONTINENTAL SNAKE. . . . . . . . . . . . . . . . . . . . . ..57

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .58

Materials and Methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .64

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .72

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .90

CHAPTER 3: EVALUATING HYPOTHESES ON THE ORIGIN AND

DIVERSIFICATION OF THE RINGNECK SNAKE, DIADOPHIS PUNCTATUS

(COLUBRIDAE: DIPSADINAE).. . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . .  . . . . . . . 106

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .107

Materials and Methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  110

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .118



x

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .127

CHAPTER 4: ISOLATION AND CHARACTERIZATION OF 14 POLYMORPHIC

MICROSATELLITE LOCI IN THE RINGNECK SNAKE DIADOPHIS PUNCTATUS

(COLUBRIDAE: DIPSADINAE), . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .137

CHAPTER 5: DELIMITING SPECIES BOUNDARIES IN THE GENUS DIADOPHIS

ACROSS EASTERN NORTH AMERICA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .143

Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .144

Materials and Methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .151

Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .155

Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .172

SUMMARY. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .178

LITERATURE CITED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .183



xi

LISTS OF TABLES

PAGE

1. Mean date of origin for each lineage of Diadophis . . . . . . . . . . . . . . . . . . . . . . . . . .80

2. Analysis of molecular variance testing geographical structure  . . . . . . . . . . . . . . . . .83

3. Expansion statistics for each lineage of Diadophis. . . . . . . . . . . . . . . . . . . . . . . . . . .85

4. Results of hypothesis testing for alternate hypothesis. . . . . . . . . . . . . . . . . . . . . . .  123

5. Mean date of origin for each lineage of Diadophis including Mexico . . . . . . . . . . .126

6. Characteristics of 14 polymorphic microsatellite loci. . . . . . . . . . . . . . . . . . . . . . . .142

7. Descriptive statistics for 10 mtDNA lineages at 10 microsatellite loci. . . . . . . . . . .167

8. Pairwise FST values for 10 mtDNA lineages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .169



xii

LISTS OF FIGURES

FIGURE PAGE

1. The geographic range of Diadophis punctatus across North America . . . . . . . . . . . . .4

2. Evolutionary hypothesis of Diadophis punctatus modified from Blanchard (1942). .10

3. Range of ventral scale counts for each subspecies of Diadophis punctatus. . . . . . . . 14

4. Diadophis punctatus arnyi. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .18

5. Diadophis punctatus edwardsii. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .21

6. Diadophis punctatus punctatus. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

7. Diadophis punctatus acricus. . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . .27

8. Diadophis punctatus strictyogens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .31

9. Diadophis punctatus regalis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

10. Diadophis puncatus amabilis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

11. Diadophis punctatus dugesi. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .41

12. Diadophis punctatus modestus. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

13. Diadophis punctatus occidentalis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

14. Diadophis punctatus pulchellus. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .50

15. Diadophis punctatus similis . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .53

16. Diadophis punctatus vandenburghii . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .56

17. Map of the United States showing location of samples used in this Chapter 2. . . . . .63

18. Bayesian 50% majority-rule consensus tree for 286 Diadophis punctatus. . . . . . 75-77

19. Distribution of each mtDNA lineage of D. punctatus. . . . . . . . . . . . . . . . . . . . . . . . .79

20. Mismatch distributions (left) and Bayesian skyline plots (right) depicting the

demographic history for each lineage of D. punctatus. . . . . . . . . . . . . . . . . . . .  . 87-89



xiii

21. Map showing the northern lineages (light gray) under rapid expansion and the stable

southern lineages (dark gray). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .105

22. Map showing five biogeographic regions used in ancestral area reconstruction. . . .117

23. Maximum Likelihood tree for the 386 Diadophis punctatus samples and nine

outgroup taxa.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

24. Simplified phylogeny with the mean dates of origin and optimal reconstructions of

ancestral areas. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

25. Map showing the distribution of each D. punctatus lineage diagnosed by mtDNA

variation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .132

26. Map showing the distribution of the 10 mtDNA lineages used in the microsatellite

analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .150

27. Species distribution models for the 10 mtDNA lineages used in the microsatellite

analysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .158-164

28. Phylogenetic tree showing relationships between 10 mtDNA lineages with

STRUCTURE plots at terminals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

29. Map showing proportion of ancestry for individuals with Q < 90. . . . . . . . . . . . . . 175



1

CHAPTER 1

Historical Overview of Diadophis punctatus
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INTRODUCTION

The monotypic snake genus Diadophis Baird and Girard, 1853 is one of the most

widely distributed and morphologically variable snakes throughout North America.  This

snake (Diadophis punctatus) exploits a variety of habitats and ecological niches ranging

from the mixed hardwood forests of southern Canada to the desert of the Southwestern

US and Central Mexico (excluding the northern Great Plains states) (Fig. 1).  Commonly

known as the ringneck snake, this species ranges from altitudes of 0 to 2647 meters and is

usually associated with canyon bottoms, riparian habitats, forests, and marshlands but is

not aquatic (Hammerson 1982; Rosen et al 1996).  Though often considered rare

throughout much of its range due to its secretive or retiring habits, they can be both

abundant and ecologically prominent.

ECOLOGICAL REVIEW

With a transcontinental distribution, it is not surprising that habitat preferences,

nesting sites, behavior, and life history traits differ between geographic localities. Snakes

from the northeastern and northwestern regions prefer coverage under rocks or in damp

rotting stumps with loose bark or in open woodlands near rocky hillsides.  Ringnecks

throughout the Southerneastern United States occur in conspicuously wet locales such as

damp forests, riparian woodlands and swamps, whereas southwestern and Mexican

populations inhabit desert grasslands (Dundee and Miller III, 1968; Fitch, 1975, Stebbins,

1985).  With the exception of southwestern populations, which feed primarily on other

snakes and lizards (Gehlbach, 1974), the genus Diadophis is considered euryphagous,

preying on small amphibians, reptiles, worms, grubs, and insects (Blanchard, 1942; Fitch,

1975; Stebbins, 1985; Connant and Collins, 1991).
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FIGURE 1.

The geographic range of Diadophis punctatus across North America.
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Seasonal activity varies in accordance with changing latitude. The small body size

and slender habitus permit rapid adjustment of temperature with little effort, allowing

ringnecks to maintain an optimum body temperature compared to the ambient

temperature.  This thermoregulation allows for a relatively long season of activity when

compared with other reptiles. At more northerly latitudes, ringnecks typically become

active in March and retire to hibernation in late October or early November.   In warmer

climates, ringnecks can remain active throughout the year, although their observable

abundance drastically decreases from December through February and July and August

(Anderson, 1942; Myers, 1965).

Life expectancy for ringneck snakes ranges from 10-15 years, reaching sexual

maturity at 3-4 years with reproduction typically occurring during April/May and

September/October (Fitch 1975).  Clutch size averages 3-4 eggs per year but can range

from 1-10 per year. Fitch (1975) noted that adult females can store sperm in vascularized

pouches of the oviducts for relatively long periods and the deposition of eggs is affected

by varying temperature cycles during the spring.  Though detailed data on nesting is

scarce, den sites vary depending on locality and consist of damp soil clumps or rotting

logs for southeastern populations (Myers, 1965), limestone outcrops or under large

flattened rocks in the central US (Fitch 1975), or sagebrush (Artemisia tridentate) and

cheatgrass (Bromus tectorum) for ringnecks in Utah (Parker and Brown 1974).  Both

Fitch (1975) and Parker and Brown (1974) found evidence of communal over-wintering

and the ability to return to specific hibernacula indicating that ringnecks can orient within

familiar areas.
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Dispersal exerts an important influence on population genetics and demography,

as well as our ability to predict population level responses to environmental disturbance

(Greenwood 1980; Dobson 1982).  While there are only a few studies that examined

dispersal capabilities in ringnecks, the works were extensive.  Of the 433 measurements

made over 26 years, nearly one fourth of the snakes traveled less than 10 meters and one

third were between 10 and 70 m.  The larger number of records less than 10 m indicates

an affinity to smaller home areas.  The relevance of these short movements may be due to

the slow rate of travel and habitual return to a favored spot within the home range.  Given

the sharp drop in recorded movements after 140 m, Fitch (1975) suggested a home range

with a diameter of approximately 70 m.

While many genera of snakes, both venomous and non-venomous, are known to

have tail displays to ward off natural enemies (Greene, 1973), tail coiling in the genus

Diadophis is peculiar.  Myers (1965) showed that the response varies geographically, and

that it is correlated with the intensity of the ventral coloring.  Populations that have little

to no variation between the coloration of the tail and the ventral body surface do not

display coiling behaviors.  In contrast, populations that have yellow pigmentation along

the body that grade into bright red tails, have a well-developed coiling response.  Fitch

(1975) noticed that although the ventral color patterns of ringnecks throughout

northeastern Kansas showed ventral color grading, the behavioral response varied.  In his

study, only 12% of the ringnecks captured showed the typical tail spiraling without

further molestation, where as 26% did not show any response regardless of the level of

stimulation.

SYSTEMATIC REVIEW
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 Historically this genus is known from an extinct species, D. elimorae Auffenber

1963(a), from the Late Miocene with fossils of the extant species D. punctatus (Linnaeus,

1766) from the Late Pleistocene (Holman, 2000).  The genus is diagnosed

morphologically as having 9-21 (9-14 in western forms and 12-21 in eastern forms) solid

maxillary teeth with the last two enlarged and separated from proceeding teeth.   The

cephalic plates consist of a single frontal scale and paired parietal, prefrontal, internasal

and supraocular scales.  There are two preocular and postocular scales situated around the

moderately sized eye.  Typically there is one posterior temporal plate, except in

specimens from Mexico, which have two.  The upper and lower labials number seven to

eight, with the upper labials meeting at the median line behind a triangular mental plate.

The two pair of chin shields are equal in length, however the posterior shields are

narrower than the anterior sheilds. The head is darker in color than the body and

distinguished by a yellow to red band with narrow black borders around the neck. Ground

color ranges from light gray to dark brown on the dorsum and yellow to red ventrally.

The ventral scales that are often patterned with black dots extending from the throat to

the tail.  Dorsal scutellation ranges from 13-19 longitudinal rows of smooth scales that

become wider ventro-laterally.  The venter consists of a single row 126-239 transverse

plates that are terminated by a divided oblique anal plate.  The tail is short and tapers to a

point with the paired caudal plates ranging from 30 to 76.

Previously, most examinations of the morphological variation within this species

have been used to diagnose subspecies.  Blanchard (1942) conducted the first range wide

study recognizing four species complexes based on a combination of morphology and

geography. The punctatus groups from the Eastern United States consisted of 1) D.
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punctatus (punctatus, edwardsii, arnyi, stictyogens, docilis), 2) the amabilis group from

California, D. amabilis (modestus, vandenburghii, occidentalis, pulchellus, anthonyi,

amabilis, similis, 3) the regalis group from the Southwestern US, D. regalis (laetus and

regalis) and 4) D. dugesii from Mexico.  These four species groups were recognized

based on the shape and length of the body, average number of ventral scales,

pigmentation, as well as geographic ranges that did not overlap. Blanchard (1942)

hypothesized that the genus Diadophis originated on the Mexican plateau with D.

dugesii, then radiated north, diversifying into the western and eastern groups.  The

formation of each subspecies was thought to have been a result of the expansion of the

species into new habitats (Fig 2). Blanchard (1942) did not explicitly state his criteria for

designating species or subspecies of Diadophis. His views on their formation reflect ideas

of phyletic evolution from the 1940’s, and lack consideration of vicariant events, treating

species as lineages or the influence that environmental factors may have played in

shaping the formation and distribution of the groups.

   In later studies, increased sampling across the full range suggested that the

morphological characters used by Blanchard (1942) represent either clinal variation, or

possible gene flow and that all of Diadophis should be considered conspecific (Mecham,

1956; McCoy, 1964; Croulet, 1965; Gehlbach, 1965, 1974).

Mecham (1956) examined four samples from an area within the Guadalupe

Mountains between the known ranges of D. regalis and D. punctatus.  In three of these

specimens the neck ring was absent and was broadly interrupted in the fourth specimen.

The absence or reduction of the neck ring was thought to be a diagnostic character for D.

regalis.  However, the ventral scale counts for the Guadalupe specimens were in the
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FIGURE 2.

Evolutionary hypothesis of the currently recognized subspecies and the corresponding

geographic ranges of Diadophis punctatus modified from Blanchard 1942.  Arrows

depict Blanchard’s views on the phyletic evolution and dispersal of each subspecies.
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range described for D. p. arnyi.  These samples led Mecham (1956) to conclude that D.

regalis and D. punctatus represented a single geographically variable species.  McCoy

(1964) supported the findings of Mecham (1956) and suggested that D. regalis should be

conspecific with D. dugesi based on specimens collected from southern Chihuahua.

Similarly, Croulet (1965) considered D. amabilis to be conspecific with D. regalis,

concluding that all Diadophis are conspecific under D. punctatus.

While examining samples from across Texas, New Mexico, Arizona and

Chihuahua, Gehlbach (1974) found five statistically different groups based on ventral

scale counts. Total body length and the number of ventral scales increased from east to

west and north to south. Similar clinal trends were observed for dorsal scale row counts

and coloration of the dorsum.  However, the condition of the neck ring did not show any

evidence of clinal variation.

The variation in morphological characters combined with the lack of any

additional diagnostic characters led to the synonymy of all taxa into 13 subspecies of D.

punctatus (Stebbins, 1985; Connant and Collins 1991). After first separating all samples

into the respective subspecies groups based on morphology and geographic location,

Hibbitts (1994) examined scutellation, size variation and color patterns to examine the

phylogenetic relationships of the subspecies and the variation within Diadophis.  Based

on the characters measured, all subspecies of Diadophis were significantly different with

the exception of the Northern California subspecies and D. p. stictogenys from D. p.

punctatus.  However, when compared, the range of the diagnostic characters used by

Hibbitts (1994) shows considerable overlap between subspecies suggesting that
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characters (e.g. ventral scale counts, tail length, ventral color pattern) are unreliable for

species designation (Fig. 3).

The paucity of fixed diagnostic morphological characters for the species within

Diadophis lead to the use of molecular data in the more recent studies.  Estimates of

amino acid differences between population samples of D. punctatus edwardsii and

samples from California showed degrees of divergence similar to those found between

species of other vertebrate groups (Pinou et al. 1995). The range of amino acid

divergences within Diadophis dates back approximately 15 mya to the middle of the

Miocene epoch, the same time period as the D. elinorae fossil from Florida. These results

suggest that Diadophis may not be monotypic and may contain at least two genetically

distinct species.

Feldman (2000) examined phylogeographic patterns of Diadophis throughout California

using the mitochondrial gene ND-4.  While some phylogeographic structure was

apparent, there was neither geographic division nor morphological characters (Hibbitts,

1994) to support the recognition of subspecies from California as described by Blanchard

(1942).  Based on these findings, Feldman (2000) proposed that the Pacific ring-necks be

synonymized under D. amabilis.

The results from Feldman (2000) and Pinou (1995) both suggest that Diadophis

does not consist of a single species.  However because these were not range wide studies,

questions as to the number of lineages, the processes that shape their ranges, where the

lineages originated and how much morphological variation is present within each

genealogical lineage could not be answered.
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FIGURE 3

Range of ventral scale counts for each subspecies of Diadophis punctatus.  Vertical bar in

box plots represent mean scale count value. (Data from Hibbits 1994).
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SUB-SPECIES DISCRIPTIONS

Diadophis p. arnyi Kennicott 1859 (Fig. 4)

Diadophis p. arnyi ranges from southern New Mexico through most of the central

Plains states and into South Dakota and western Wisconsin.   This species displays sexual

dimorphism in the number of ventral and caudal scales, as well as tail and head length.

Males possess a lower number of ventral scales (158 males; 170 females) but have a

greater number of caudals (47 males; 41 females) (Hibbitts, 1994). The collar is usually

complete, however there are a few samples (<17) from throughout the range that have

been found either lacking a ring or with one that is interrupted.  The dorsal scale rows are

either 17-15 or 15-15 with the ventral pigment rarely encroaching on to the dorsal scales.

The neck ring is usually 1-3 scales wide and the posterior edge lined in black.  The head

is darker than the dorsum and the chin and lower labials show the same spotting pattern

as the belly (Blanchard, 1942).

Localized studies suggest that the variability within the characters used to

describe this widely distributed subspecies are a result of clinal variation, morphological

plasticity or potential gene flow (Trauth 1996).   Within Arkansas D. p. arnyi have dorsal

scale rows of 17-17, which was considered to be the most useful diagnostic character in

distinguishing D. p. arnyi from D. p. stictogenys (15-15) (Trauth, 1996).  In areas of

proposed intergradations with D. p. stictogenys, dorsal scale counts are either 15-16 or

16-17.  In areas where D. p. arnyi is sympatric with D. p. regalis, specimens have ventral

scale counts consistent with those of arnyi but either lack a neck ring or the ring is

interrupted.  Hibbitts (1994) proposed that this was indicative of gene flow between the

two sub-species but failed to explain the occurrence of interrupted rings found in the
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populations from Minnesota, Missouri, Oklahoma, Arkansas or Kansas, which are not

sympatric with D. p. regalis.  The Arkansas and Kansas populations also possess variable

spotting patterns displaying as many as six different patterns.  Within Kansas alone, Fitch

(1975) found variation in body size, dorsal color, ventral color, size, shape and

distribution of the ventral spotting patterns, presence and width of the neck ring,

markings on the facial region, number of dorsal scale rows, number of ventrals,

subcaudals and supralabials.
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FIGURE 4.

Diadophis punctatus arnyi.  Photo and identification by Scott Waters.  Reprinted with

permission.
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Diadophis p. edwardsii (Merrem 1820) (Fig. 5)

Commonly known as the Northern ringneck, this subspecies ranges from the

northeast portion of Minnesota east to Nova Scotia, Canada and south along the

Appalachian Mountains to northern Alabama.  Sexual dimorphism is evident in the

ventral scale numbers, (males average 153; females average 157) and subcaudal scales

(males 56; females average 49) (Hibbitts, 1994).  Dorsal scale rows are 15-15 with D. p.

edwardsii being the only form of Diadophis with 8 supralabials with all other forms

having 7.  The head is darker than the slate-gray body and the neck ring is either

complete or interrupted mid-dorsally.  The ventral pigment typically does not encroach

onto the dorsum with the majority of specimens lacking pigment on the chin, throat or

labial scales (Blanchard, 1942; Hibbitts, 1994), while a few have heavy spotting on the

infralabials (Gilhen, 1971).  The ventral color patterns are variable ranging from no

spotting pattern to a linear row of solid to half moon spots (Gilhen, 1971).
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FIGURE 5.

Diadophis punctatus edwardsii. Photo and identification by Frank M. Fontanella
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Diadophis p. punctatus (Linnaeus 1766) (Fig. 6)

A small ringneck from the southern coastal plain ranging from Chesapeake Bay

southeast along the spine of the Appalachian Mountains to the eastern side of Mobile

Bay.  Sexual dimorphism is evident in tail length (females 18% of total length; males

21.5%), ventral scale count,  (females average 144; males average 136) and subcaudals

(females average 41; males average 47) (Hibbitts, 1994).  From the material examined by

Blanchard (1942) and Hibbitts (1994), the highest number of ventral scales are in

specimens from northern Georgia, while those with the lowest ventral counts were from

peninsular Florida.   The head is black and the neck ring is often partially or completely

interrupted and bordered with black.  The chin and labials are often heavily pigmented

and the ventral spots are crescent shaped and aligned mid-ventrally.
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FIGURE 6.

Diadophis punctatus punctatus.  Photo and identification by John Sullivan. Reprinted

with permission.
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Diadophis. p. acricus Paulson 1966 (Fig. 7)

This subspecies occurs only on Big Pine Key, Florida.  The diagnostic character

for this subspecies is the lack of a neck ring.  Due to a lack of preserved specimens the

morphological information is limited to two male specimens (Hibbitts, 1994).   The

length of the tail is approximately 22% of the total body length, 130 ventral scales and 49

subcaudal scales.  The dorsal scale rows are 15-15 however no color description is

available.  Typical of the eastern Diadophis, the ventral pigment does not encroach on to

the dorsum.  Spotting patterns on the chin and labials are present but faint, and the ventral

spots are similar arranged into a single midventral row similar to the punctatus

subspecies.
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FIGURE 7.

Diadophis punctatus acricus. Photo and identification by Nathan Shepard. Reprinted with

permission.
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Diadophis. p. stictogenys Cope 1860 (Fig. 8)

D. p. stictogenys occupies mainly the Mississippi River Valley and adjacent areas.

The range extends into eastern Texas, southeastern Oklahoma and southeastern Missouri.

Blanchard (1942) described the distribution of D. p. arnyi in Arkansas as occurring in the

“higher parts of Arkansas” and D. p. stictogenys as “south of the Ozark uplands”.  Range

maps have generally followed Blanchard (1942) by separating D. p. arnyi and D. p.

stictogenys along a boundary that splits the two physiographic regions of Arkansas into

the lowland Mississippi Delta and Gulf Coastal Plain and the upper Interior Highlands

(Ozark Mountains and Ouachita Mountains) (Wright and Wright, 1957; Conant, 1958,

1975; Connant and Collins, 1991).  Trauth (1996) used characters similar to Blanchard

and Hibbitts (1994) to identify a broad region of sympatry and possible integradation that

does not coincide with the physiographic regions described by Blanchrd (1942).  The

most recent distribution depicts D. p. stictogenys extending well into the southern regions

of the Ouachita Mountains (Trauth, 1996).  Similar to other Eastern subspecies, D. p.

stictogenys are also sexually dimorphic.  Males possess fewer ventrals than females but

have a greater number of subcaudals (Ernst and Barbour, 1989).  The average number of

ventrals in males and females is 149 and 151 respectively and subcaudal scale counts

were 49 for males and 42 for females.  Hibbitts (1994) recorded higher counts for both

ventral and subcaudal scales but did not examine any D. p. stictogenys from Arkansas.

The dorsal scale counts are 15-15 and are considered the most useful diagnostic character

for distinguishing between stictogenys and D. p. arnyi (Blanchard, 1942; Smith, 1961;

Gehlbach, 1974; Conant and Collins, 1991; Hibbitts, 1994).  The number of ventral

scales tends to increase from the east (where the range overlaps with D. p. punctatus) to
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west (range overlaps with D. p. arnyi).  Some authors have used this variation in the scale

counts as evidence of hybridization between the two subspecies (Blanchard, 1942;

Gelbach, 1974; Hibbitts, 1994; Trauth, 1996). The ventral spotting is less variable than

other forms and usually has a double row of ventral spots extending the length of the

body.  The head is typically darker than the body; the neck ring is 1/2 to 1.5 scales wide

and bordered by black bands (Blanchard 1942; Hibbitts, 1994).
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FIGURE 8.

Diadophis punctatus stictogenys.  Photo and identification by Kory Roberts. Reprinted

with permission.
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Diadophis. p. regalis Baird and Girard 1853 (Fig. 9)

D. p. regalis is the largest of the Diadophis subspecies reaching lengths of up to

772 mm.  There are several disjunct populations of this subspecies from the grasslands,

mountains and deserts of the southwestern US and northern Mexico.  The largest

population ranges from eastern Texas westward to Tuscon, Arizona and north to

Flagstaff, AZ.  A large disjunct population exists in the Wasatch Mountains of central

Utah ranging extending southward to the Utah/Nevada/Arizona border and north into

southeastern Idaho.  Several smaller populations exist through out western Arizona, Utah

and southeastern Nevada.  In Mexico, this form extends along the eastern slopes of the

Sierra Madre Occidental south to northeastern Durango.  In the Sierra Madre Oriental,

the range extends south to San Luis Potosi and is largely absent from the Mexican

Central Plateau (Blanchard, 1942; Hibbitts, 1994).

Ventral scale counts, tail length and subcaudal counts all suggest sexual

dimorphism with males possessing less ventrals but longer tails and more subcaudals.

Males average 216 ventrals, with a tail length 18.5% of the total length and 65 subcaudal

scales.   Females have tail lengths 16% of the total body length with an average of 59

subcaudals and 216 ventral scales.  The absence of a neck ring varies in frequency from

population to population.  All 14 specimens from Utah examined by Hibbitts (1994)

lacked a neck ring while the ring was absent in only 3 of the 35 specimens from Arizona,

while 22 out of 50 specimens from Texas had a collar.  All specimens examined by both

Blanchard (1942) and Hibbitts (1994) had heavily spotted chins and throats with

randomly arranged ventral spots.  The head is slightly darker than the bluish to gray

body.  When present, the neck ring is three scales wide and is not bordered by a black
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band.  The yellow to brick red color of the abdomen frequently encroaches onto the first

row of dorsal scales (Blanchard, 1942).
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FIGURE 9.

Diadophis punctatus regalis.  Photo and identification by Michael Price. Reprinted with

permission.
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Diadophis. p. amabilis Baird and Girard 1853 (Fig. 10)

D. p. amabilis is a relatively small snake occurring chiefly in the San Francisco

Bay area in Central California.  The number of ventral scales, tail length and head length

all show sexual dimorphism.  In females the ventral scales average 204 with a tail length

that is 17% of the total body length and 56 subcaudal scales.  Males average 191 ventral

scales with a tail length 20% of the total body length and 63 subcaudals.  The head is

typically darker than the light gray to black body.  The ventral color is yellow becoming

reddish towards the posterior, with the color extending over the first half to 1.5 dorsal

scale rows.  The ventral spots are often round but also show transversely elongated spots

that are arranged randomly.  The chin, throat and labials have no fewer than 24 spots.

The neck ring is narrow, typically one to one and one half scales wide and is interrupted

in 25% of the specimens examined (Blanchard, 942; Hibbitts, 1994).
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FIGURE 10.

Diadophis puncatus amabilis.  Photo and identification by John Sullivan. Reprinted with

permission.
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Diadophis. p. dugesi Villada 1875 (Fig. 11)

This is the only subspecies of Diadophis restricted to the Mexican plateau.  The

range extends from southwestern Chihuahua, Mexico, along both slopes of the Sierra

Madre Occidental and western slopes of the Sierra Madre Oriental, south to Michoacan

and east to Vera Cruz.   Information about this subspecies is limited to less then 20

specimens (Blanchard, 1942; Hibbitts, 1994).  The dorsal scale rows are 15-15 in most

samples but can be 15-17-15.  Dorsal coloration is described as “dark” and extending

over all dorsal scales down to the ventrals.  The neck ring completely encircles the neck

and is typically two scales wide.   The head is slightly darker than the body and the color

extends around the angle of the jaw onto the chin scales.  The ventral scales have small,

scattered black spots and average 180 scales in both males and females. Both male and

female tail length is approximately 18% of the total body length with each sex having 54

subcaudal scales (Blanchard, 1942; and Hibbitts, 1994).
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FIGURE 11.

Diadophis punctatus dugesi. Photo and identification by Ron Burkhardt. Reprinted with

permission.
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Diadophis p. modestus Bobourt 1866 (Fig. 12)

Commonly known as the Los Angeles ringneck, this form is restricted to the

vicinity of Los Angeles, California ranging from San Bernardino west to Santa Barbara.

The dorsal scales are bluish to black in color and the rows number 17-15 (Blanchard,

1942; Hibbitts, 1994).  The head is typically darker than the body with a bright red neck

ring one half to two scales wide and bordered behind by black spots.  Tail length is 21%

of the total body length in males with an average of 65 subcaudal scales.  In females the

tail length is 18% of the total body length and possess 60 subcaudal scales.  Ventral scale

counts average 188 and 202 in males and females respectively.   The ventral color is

yellowish and extends onto the first of scales.  The ventral spots are generally round and

aligned along the midline of the belly.   The chin and labial scales have numerous (> 40)

black spots (Hibbitts, 1994).
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FIGURE 12.

Diadophis punctatus modestus. Photo and identification by Gary Nats. Reprinted with

permission.
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Diadophis p. occidentalis Blanchrad 1923 (Fig. 13)

The northern most form of the Pacific ringnecks, the range of D. p. occidentalis

extends from north of San Francisco Bay to southern Washington.   The uninterrupted

bright red neck ring is 1.5 to 2 scales in width and bordered by black bands.  The head is

darker than the dorsal surface.  The dorsal scales number 15-15 or 15-13.  Similar to

other forms of Diadophis tail length, subcaudal scale counts and ventral scale counts all

display sexual dimorphism.  In females the tail length comprises 17% of the total length

with an average of 57 subcaudal scales.  Males average 65 subcaudals with 21% of the

total length due to the length of the tail (Hibbitts, 1994).  The ventral scales are 188 and

204 in males and females respectively.  The ventral color is yellow to reddish and extends

onto the first two to rows of dorsal scales.  The chin and lower labials are prominently

flecked with black spots that diminish in size and number on the ventral surface

becoming random along the length of the body.
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FIGURE 13.

Diadophis punctatus occidentalis. Photo and identification by Alan Barron. Reprinted

with permission.
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Diadophis p. pulchellus Baird and Girard 1853 (Fig. 14)

D. p. pulchellus occurs primarily along the western slopes of the Sierra Nevada’s

of California south to Tejon Pass north of Los Angeles.  The broad, uninterrupted orange

neck ring is two to three scales wide and bordered with black bands (Blanchard, 1942).

The dorsal scales are 15-15 or 15-13 and are a light blue to slate gray in color.  The

ventral scales average 197 in males and 208 in females.  Males typically have longer tails

and more subcaudal scales than females.  The tails in males typically make up 20% of the

total body length and have 64 subcaudals where the tails of females are 18% of the total

body length and 60 subcaudal scales (Hibbitts, 1994).  The ventral color is bright orange

or red and extends onto the first two rows of dorsal scales.  The chin and labials have few

small black spots that either continue down the ventral scales or stop after the first 10 or

so scales (Blanchard, 1942).
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FIGURE 14.

Diadophis punctatus pulchellus.  Photo and identification by John Sullivan. Reprinted

with permission.
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Diadophis p. similis Blanchard 1923 (Fig. 15)

D. p. similis occupies the range described by Blanchard (1942) for both D. p.

similis and D. p. anthonyi.   This subspecies ranges from San Diego south to northern

Baja California.  The dorsal scale rows are 15-13 and are olive in color with a darker

head.  The neck ring is one-half to one and one-half scales wide, dull red and bordered

with a few black spots (Blanchard, 192). The ventral scales, averaging 194 in males and

201 in females, are orange-yellow changing to scarlet towards the tail.  The spotting

pattern on the belly is sparse and unorganized but each ventral scute end has a black dash

forming a ventro-lateral row of spots throughout the length of the body and tail.  The tail

length is 19% and 17% of the total body in males and females respectively.   The labials,

chin and throat are spotted with black (Hibbitts, 1994).
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FIGURE 15.

Diadophis punctatus similis. Photo and identification by John Sullivan. Reprinted with

permission.
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Diadophis p. vandenburghii Blanchard 1923 (Fig. 16)

D. p. vandenburghii ranges from Monterey, California south along the coast to

just north of Ventura, California.  The dorsal scale rows are 17-15 and olive in color

(Blanchard, 192).  The uninterrupted neck ring is one to two and one half scales wide,

yellow to red in color.  The ventral scales average 190 in males and 200 in females

(Blanchard, 1942; Hibbitts, 1994).   The light ventral color extends over one and one-half

to two of the lower most dorsal rows.  There are few small black spots on the ventral

scales that extend up to the chin shields and onto the labials.  Males have longer tails than

females, 21% and 18% of the body length respectively and higher subcaudal counts, 64

and 51 respectively (Hibbitts, 1994).
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FIGURE 16.

Diadophis punctatus vandenburghii. Photo and identification by John Sullivan. Reprinted

with permission.
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CHAPTER 2

Phylogeography of Diadophis punctatus: extensive lineage diversity and repeated

patterns of historical demography in a trans-continental snake.

(From: Fontanella et al. Phylogeography of Diadophis punctatus: extensive lineage

diversity and repeated patterns of historical demography in a trans-continental snake.

Molecular Phlogenetics and Evolution 46: 1049-1070)

Text and figures reproduced by permission from publisher.
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 INTRODUCTION

Historical processes such as population division due to isolation, long-distance

dispersal or range expansion are expected to leave characteristic signals on the

distribution and frequency of alleles (Hewitt 1996).  When analyzed using phylogenetic

methods, the tree structure can be superimposed over the range of the population,

revealing whether the population history has been one of isolation, panmixia or a

combination of the two.  Predictions based on population genetic theory can then be

incorporated to reconstruct the demographic histories of these populations and to

examine the genetic variation within and among populations. Combining these methods

has allowed biologists to investigate how the distribution of taxa may have changed in

response to climatic shifts in geologic history (Avise and Walker 1998; Douglas et al.

2003; Zamudio and Savage 2003; Mahoney 2004).

During the Pleistocene, at least six glacial advances affected the physical and

biological environments of the Northern Hemisphere (Cox and Moore 2000). The

expansion and contraction of glacial ice sheets are thought to have played an important

role in shaping the distribution and biodiversity throughout the northern temperate

regions (Hewitt 1996). At the time of the last glacial maximum in North America, ~22-18

kya, ice sheets extended from southeastern Alaska throughout most of Canada and into

the northeastern and northwestern United States (Mann and Hamilton 1995). The

presence of these glaciers combined with the climatic changes during the Pleistocene are

hypothesized to have stimulated intra-specific diversification by separating populations

through the formation of glacial barriers and by shifting the location of suitable habitat

further south (Durand et al. 1999; Hewitt 2000; Brunsfeld et al. 2001; Waltari et al.



59

2007). While phylogeographic patterns can vary across taxa, the concerted retreat into

southern refugia has been proposed as an historical factor underlying the formation of

major genetic lineages (Swenson and Howard 2005).  Thus, concordant patterns of

population expansion from southern refugia into previously glaciated areas have been

inferred across a variety of taxa with a broad range of life history strategies, indicating

the overriding impact of glacial vicariant events on structuring genetic diversity at

northern latitudes.  For many amphibian and reptile species, southern refugia have been

proposed from across the conterminous United States including the Appalachian

Mountains and Interior Highlands (Burbrink et al. 2000; Austin et al. 2002, 2004;

Zamudio and Savage 2003), the Atlantic and Gulf Coast coastal plains (Austin et al.

2004; Burbrink et al. 2000; Church et al. 2003; Zamudio and Savage 2003), Northern

Texas (Howes et al. 2006), the Clearwater drainage in Idaho (Carstens et al. 2004), the

Sonoran and Chihauhuan deserts of the southwest (Castoe et al. 2007), the Columbia

River Valley in Oregon and the Klamanth/Siskyou mountains of Northern California

(Steele and Storfer 2006).  Although the role of glaciation events on speciation has been

debated (Klicka and Zink 1997, 1998, 1999; Avise and Walker 1998; Avise et al. 1998),

the formation of different geographic refugia allowed existing lineages to persist.

Additionally, many of these species have retained geographic ranges separated by distinct

geographic boundaries.  However, in some cases phylogeographic breaks can occur that

do not coincide with known geographic boundaries (Irwin 2002).  Examination of species

distributions has revealed that non-climatic ecological factors such as breeding sites, host

availability and especially species interactions can lead to genetic differentiation of local
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populations in unglaciated areas (Ehrlich 1961; Hairston 1987; Crespi et al. 2003; Kozak

et al. 2006).

Widespread taxa occupying both historically glaciated and unglaciated regions

provide an excellent opportunity to study the effects of climatic cycles on population

fragmentation and historical demography. Such taxa also serve as excellent models

because their geographic ranges likely span many previously identified phylogeographic

barriers and provide an opportunity to uncover genetic breaks that are not associated with

geographic boundaries. In addition to a broad geographic range, several features make

certain taxa more amenable to phylogeographic study for the purposes of examining the

influence of climatic shifts. Limited or restricted dispersal of a species facilitates the

successful inference of historical patterns of migration by maintaining the genetic

patterns created during the establishment of the current distribution (Crandall and

Templeton 1996; Templeton 1998). If a species becomes restricted to a particular area or

colonizes an unoccupied region, the stability and maintenance of phylogeographic

patterns will depend on longevity and vagility (Hewitt 1996).  Thus, taxa with poor

dispersal capabilities and exhibiting strong philopatry should retain the genetic patterns

that developed while occupying these regions. Because mutations occurring in

cytoplasmic genomes are transmitted maternally, patterns of variation inferred from

mtDNA should reflect the demographic history and historical processes responsible for

the contemporary distribution (Avise 2000).

The ringneck snake Diadophis punctatus possesses several of the aforementioned

features making it an excellent organism to study phylogeography and to examine the

effects of climatic cycles on demographic history. As one of only seven North American
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squamates with a transcontinental distribution, this snake exploits a variety of habitats

and ecological niches ranging from the mixed hardwood forests of southern Canada to

the deserts of the Southwestern US and Northern Mexico (Stebbins 2003) (Fig. 17).  This

species is also characterized by morphological and behavioral variation (Blanchard 1942;

Gehlbach 1965; Fitch 1975; Blanchard et al. 1979; Connant and Collins 1991; Stebbins

2003) suggestive of extensive genetic variation. With the exception of the southwestern

populations that feed exclusively on reptiles (Gehlbach 1965), ringnecks have generalist

diets, preying on salamanders, earthworms, reptiles and insects (Blanchard 1942; Fitch

1975; Blanchard et al. 1979; Stebbins 2003; Connant and Collins 1991).   This species is

relatively long lived among small snakes, surviving to an average age of over ten years.

Home ranges are estimated to have a diameter of a mere 70 meters  (Fitch 1975;

Blanchard et al. 1979) and Parker and Brown (1973) found that ringnecks in Utah

returned to specific hibernacula over multiple years. The longevity, small home range and

limited dispersal abilities of this species fulfill a number of the conditions beneficial to

the inference of historical patterns of migration and fragmentation that have resulted in

the current distribution of genetic diversity.

Despite the extensive variation in ecology, morphology, and life history of

ringneck snakes, only two molecular studies have addressed lineage diversity within D.

punctatus.  However, neither was comprehensive; Pinou et al. (1995) examined

immunological distances for a small sample of ringnecks while Feldman and Spicer

(2006) restricted their phylogeographic analysis of mtDNA sequences to populations in

California. Here we examine the historical patterns of D. punctatus with comprehensive

transcontinental sampling using both phylogenetic and population genetic methods.  Our
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FIGURE 17.

 Map of the United States showing the proposed range of Diadophis punctatus and

location of samples used in this study.  Locality and label designations are given in

Appendix 1.
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goals are to: 1) describe the lineage diversity and phylogeographic patterns of the

ringneck snake Diadophis punctatus and 2) to evaluate the effects of Pleistocene

glaciation on population demography in glaciated and unglaciated regions.

MATERIALS AND METHODS

Molecular analyses

Sampling and geographic distribution. Our geographic sampling (n = 286) covers most

of the known the range of this species across the US (Fig 17; Appendix 1). Due to

uncertainty of the sister group and to assess the monophly of D. punctatus, outgroup taxa

included the other North American xenodontine snakes Contia tenuis, Hypsiglena

torquata, Rhadinaea flavilata, Francia abacura, Heterodon simus and Heterodon

platyrhinos (Pinou et al. 2004; Lawson et al. 2005).

DNA extraction, amplification and sequencing. We extracted DNA from liver, muscle,

blood or shed skin preserved in ethanol or frozen in liquid nitrogen using phenol

chloroform and CTAB modified from Saghi-Maroof et al. (1984).  We amplified the

mitochondrial genes cytochrome b (1117 bp) and a portion of the NADH 4 subunit (659

bp) via PCR using previously published primers and protocols (Burbrink et al. 2000) and

(Arevalo et al. 1994), respectively.

Each of these genes has been used successfully to examine intraspecific variation

in snakes (Burbrink et al. 2000; Feldman and Spicer 2002; Nagy et al. 2004).

Amplifications were purified using either 2ul of ExoSap-it (USB Corp.) per 10 ul of PCR
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product or AMPURE (Agentcourt) following the manufacturer’s instructions.  Purified

PCR products were sequenced in both directions for both genes using BigDye v.1.1

(Applied Biosystems, Perkin-Elmer, California USA).  For the cytochrome b gene,

sequencing reactions were performed using internal sequencing primers designed

specifically for D. punctatus (Dp-F CCTTCTGAGCAGCAACAGTAA) and (Dp-R

GAAGAATCGTGTGAGGGTTGG). Occasionally, extension of the Dp-R primer failed

to cover the forward section of cytochrome b. When this occurred, samples were re-

sequenced using the L14910 (de Queiroz et al. 2002) primer.  Sequencing reactions for

ND-4 were carried out using the amplification primers. Reactions were purified with the

CleanSeq Dye-terminator removal kit (Agentcourt) and analyzed on an ABI Prism 3730

sequencer (Applied Biosystems, Perkin-Elmer, California USA).  Sequences were

assembled, edited, and aligned using SEQUENCHER 4.7 (Gene Codes, Corp.) and an

open reading frame was verified for each gene. The alignments were unambiguous with

no gaps present in either of the mitochondrial genes for any of the D. punctatus

sequenced in this study.  Although the ND 4 primers amplify portions of the downstream

Serine, Histidine, and Leucine trna genes, only the protein coding region was used in the

analyses.  The tRNA gene regions were deleted due to problems of alignment resulting

from secondary structure and incomplete sequencing. Sequences were deposited in

GenBank under the accession numbers (EU193950-194234 and EU193663-193948).   

Phylogenetic analyses

Phylogenetic relationships of Diadophis punctatus samples were estimated for

each gene separately and from the combined cytochrome b and ND 4 data sets with
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Maximum Parsimony (MP) in TNT Goloboff et al. 2003) and Bayesian inference (BI)

using MrBayes v3.1.2 (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck,

2003).

Maximum Parsimony analyses were conducted using a heuristic search method

with equally weighted characters, 1000 random addition-sequence replicates and the tree-

bisection-reconnection (TBR) branch-swapping algorithm.  Support for internal nodes

was assessed using non-parametric bootstrapping (BS) (Felsenstein 1985) with 1000

pseudo-replicates and 100 random sequence-addition replicates.

ModelTest v3.7 (Posada and Crandall 1998) was used to select the best-fit model

of nucleotide change based on the Akaike Information Criterion (AIC) independently for

each gene (Akaike 1973).  The GTR+!+I (general time reversible model with gamma-

distributed among-site rate variation and with a proportion of invariant sites) model was

selected for each gene and implemented in MrBayes.  In the separate analyses, two

methods of model partitioning were explored for each gene. The first method

implemented the GTR+!+I model without considering differences in codon position.

The second method partitioned the model across the first, second and third codon

positions 3(GTR+!+I).  Additionally, a mixed model analysis was performed for the

concatenated data to infer trees using the evolutionary information from both genes. Two

differently partitioned analyses were conducted for the concatenated data set because

how a data set is partitioned can have a greater influence on the mean –lnL and estimated

posterior probabilities than the overall number of partitions (Brandley et al. 2005).  In the

first analyses, the appropriate model was partitioned across each gene 2(GTR+!+I). In

the second, models were partitioned across the first, second and third codon positions of
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each gene 6(GTR+!+I).  Each of the four analyses (implemented with two simultaneous

runs) was conducted using default priors for parameters of the four markov chains with

the model parameters unlinked among partitions for each run.  Each run used a random

starting tree and was run for 1 x10
7 
generations.  Trees and their parameters were

sampled once every 1000 generations.  Stationarity of the likelihood scores was

determined by examining the convergence in posterior probabilities between the

simultaneous runs using the standard deviation of split frequencies based on Rubin and

Gelmans’s “r” statistic (Gelman et al. 1995). The partitioned models were evaluated

using Bayes factors calculated from the harmonic mean of the posterior probability

distribution for the models (Nylander et al. 2004).  When comparing models using Bayes

factors, a value greater than 10 is considered strong evidence for the selection of the more

complex model (Kass and Raferty 1995).

In order to conservatively delimit boundaries for each lineage, we followed the

tree-based method of Wiens and Penkrot (2002), which incorporates geographic patterns

of coalescence among DNA haplotypes to test for gene exchange between closely related

lineages. This method assumes that discordance between haplotype clades and the

geographic areas from which they are found or the failure of haplotypes from a given

area to form a clade is evidence of potential gene flow with other populations (Slatkin

and Maddison 1989).   

Population genetic analyses

Diversity indices and population structure.  We examined genetic structure and

demographic patterns using both traditional population genetic and coalescent methods.
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All lineages were treated as separate units for tests of demographic history and genetic

structure.  The majority of the major clades inferred from the phylogenetic analyses

occupied non-overlapping geographical areas.  In regions where lineages overlapped

there was no evidence of introgression of the mitochondria (see Results). To summarize

the genetic variation among and within populations, we first conducted an analysis of

molecular variation (AMOVA, Excoffier et al. 1992) in Arlequin v2.0 (Schneider et al.

2000).

Historical demography. Haplotype (Hd) and nucleotide (") diversity were calculated to

measure DNA polymorphisms using DNAsp v3.0 (Roza and Roza 1999).  These

measures are appropriate for this type of study because they do not depend on sequence

length or sample size (Nei and Li 1979; Nei 1987). Nucleotide diversity can be calculated

using the average number of pairwise nucleotide differences (#) or by calculating the

number of segregating sites (S).  Under the null hypothesis of population stability, the

difference between these two values, Tajima’s D (Tajima 1989) and Fu’s Fs (Fu 1997),

can be used to infer demographic history of a population.  If populations have been stable

over time both statistics are expected to be close to zero (Tajima 1989, Fu 1997).

Significant deviation from zero (positive or negative) permits for the rejection of the null

hypothesis of population stability. Under the assumption of neutrality, negative values are

expected in populations that have undergone recent increases because rare alleles are

more numerous than expected.  Positive values occur if rare alleles are eliminated from

populations following genetic bottlenecks (Tajima 1989).  The validity of the assumed

stepwise expansion model and the significance of D and Fs were calculated by

constructing 10,000 coalescent simulations in DnaSP.
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Mismatch distributions were also calculated for each lineage to infer changes in

population size.  Assuming an infinite sites model, population expansion would be

depicted as a unimodal distribution whereas the distribution expected for population

stability is ragged and multimodal (Harpending et al. 1998). The fit of the observed data

was compared using the sum of squares deviations between observed and expected data

estimated from 10,000 coalescent simulations in DnaSP. Although the R2 raggedness

index (Ramos-Onsins and Rozas 2002) is often used to assess significance of mismatch

plots, non-unimodel models that fit sudden expansion models indicate structuring within

populations or populations that are stable or shrinking (Excoffier and Schneider 1999;

Rogers and Harpending 1992; Rogers et al. 1996).  Therefore we do not consider the

good fit of sudden expansion models to multimodal mismatch distributions strong

evidence of population expansion.  However, multimodal distributions can be inferred for

populations that have undergone recent expansion but were recently sub-divided,

subjected to substantial migration and/or have undergone historical contractions

(Bertorelle and Slatkin 1995; Marjoram and Donnelly 1994; Ray et al. 2003; Castoe et al.

2007).

Although D, Fs and mismatch distributions are able to provide insights into

whether or not population growth has been expansive, they are not able to provide

information about the shape of population growth over time. Non-significant negative

values of D and Fs are indications that populations have not undergone expansive growth

relative to a null hypothesis of population stability.  However, such values are agnostic as

to whether populations are expanding slowly, are contracting or remaining relatively

constant in size. Therefore, to estimate the shape of population growth through time we
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constructed Bayesian skyline plots implemented in BEAST v1.4 (Drummond and

Rambaut 2003; Drummond et al. 2005).  This method uses MCMC sampling procedures

to estimate the posterior distribution for the effective population size given a model of

nucleotide substitution and a set of aligned DNA sequences (Drummond et al. 2005). As

above, the appropriate model of nucleotide substitution for each lineage was determined

using ModelTest. Geneologies and model parameters for each lineage were sampled

every 1000th iteration for 1 x10
7
 generations under a relaxed lognormal molecular clock

with uniformly distributed priors and a pre-burnin of 100. Coalescent intervals (m)

ranged from 3 to 15 depending on the total number of samples per lineage. We noticed

that varying values of m had little effect on the analyses and that the demographic

function was highly consistent across a wide range of values for the m hypervariable

(Drummond et al. 2005). Demographic plots for each analysis were visualized using

Tracer v1.0.1 (Rambout and Drummond 2003).  If population sizes are constant through

time then the slope of the skyline plot should not be significantly different than zero.  We

tested the slope of the skyline plot for each lineage against the null hypothesis of

population stability (slope of zero) using GraphPAD Prism v.5.0  (GraphPad Software,

Inc.)  

Divergence Dating and Dating demographic change.

To infer the date of origin for each lineage without relying on a molecular clock

and considering uncertainty in tree topology and branch length (i.e., ‘the relaxed

phylogenetics’ method) we used BEAST v1.4.4 (Drummond and Rambaut, 2003).

Phylogenetic estimates were constructed under the GTR+!+I model with an uncorrelated
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lognormal tree prior with a constant population size prior. Derived from fossil data

(Holman 1979; 2000), a mean calibration point of 7.5 my was placed at the root of

Diadophis with a lognormal standard deviation of 0.29 producing a 95% credible

sampling interval (CI) from 4.55 to 12.1 my.  This time frame spans the North American

Land Mammal Age (Hemphillian) into the Clarendonian Age; the latter age has not

produced fossils for this species and is a reasonable cutoff point for the upper CI.

Analyses were run for 20 million generations and sampled every 1000
th

 iteration

following a pre-burnin of 2000.

We estimated the date of expansion for each lineage using the formula T= $ /2u,

where $ is the relative time (in generations) since expansion obtained from 1000

replicates from Arlequin and u is the product of the mutation rate, the generation time,

and the sequence length. Females usually reach sexual maturity at approximately 3 years

(Fitch 1975; Blanchard et al. 1979) and the total sequence length was 1776 bp. To obtain

mutation rates for each lineage we used the semiparametric approach utilizing penalized

likelihood (PL) with the truncated Newton (TN) algorithm implemented in r8s v1.70

(Sanderson 2003). Since large data sets with low sequence variation (such as population-

level data) or phylogenies with very short branch lengths (phylogeographic studies) can

lead to spurious results due to zero branch lengths, we followed the suggestions of

Sanderson (2003) and constructed phylogeny using one exemplar from each lineage.

This reduced data set was analyzed with the 6 (GTR+!+I) partitioned model.  Outgroup

taxa were pruned prior to rate smoothing analyses with the root of D. punctatus set to 7.5

million years ago.  An optimal smoothing value of 1000 was obtained using the cross-
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validation procedure implemented in r8s.

RESULTS

  Phylogenetic reconstruction

Two hundred and ninety five sequences for 1776 aligned base pairs were obtained

for D. punctatus and nine outgroup taxa.  The absence of any internal stop codons in

either protein coding gene and a bias against guanine on the light strand indicate that the

sequences were from the mitochondrial genome and are not nuclear-integrated copies or

pseudogenes (Zhang and Hewitt 1996).

Of the total 1776 characters analyzed, 832 were constant and 758 variable

characters were parsimony informative (considering both ingroup and outgroup taxa).

Maximum Parsimony analyses produced 14 trees of 3801 steps.  Because both analyses

produced highly congruent estimates of phylogenetic relationship for the major clades

only the Bayesian consensus phylogram is presented with posterior probabilities and

nonparametric bootstrap values from the MP analyses for the shared branches.

When genes were analyzed separately for the Bayesian analyses, ‘burn in’

occurred prior to one million generations both for the partitioned and un-partitioned

analyses.  As such, results hereafter were based on harmonic means calculated from the

remaining nine million generations. The data were combined and analyzed under a mixed

model since each of the separate analyses inferred trees with similar topologies.  Burnin

for the mixed model analyses occurred between one and 2.5 million generations

depending on how the data were partitioned.  For each of the four analyses, Bayes factors

always chose the most complex model with a value greater than 1000. Therefore, tree

topology and posterior probabilities (PP) were inferred from the 6 (GTR+!+I) model.
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The combined mixed-model analyses produced a 50% majority-rule consensus tree with

a mean lnL of –24033.25 following a ‘burn in’ of 2500 generations.

The Diadophis punctatus complex formed a well-supported monophyletic group

exclusive of the other North American xenodontines. This species complex was

composed of four major clades consisting of 14 phylogenetically and geographically

distinct, putatively independent, evolutionary lineages.

The basal node in the complex subtends a Gulf Coast clade (A) from the Mid-

Atlantic and remaining clades of the continental United States (Fig. 18, 19). The Gulf

Coast clade extends from southeastern Louisiana to southern Florida and comprises three

lineages. The first-diverging lineage is restricted to southeastern Louisiana and is the

sister taxon to a group containing the Piedmont lineage ranging from southeastern South

Carolina to eastern Alabama and a peninsular Florida lineage distributed from the Florida

Keys north to the Suwannee River.

  The second major division occurs between the Mid-Atlantic clade (B) and the

more diverse continental clades west of the Appalachians. This clade consists of a single

lineage that is confined to the eastern side of the Appalachian Mountains from costal

southern Virginia to southeastern South Carolina.

The third major split occurs between the Appalachian (C) and Western clades (D),

both of which comprise multiple lineages west and north of the Atlantic and Gulf Coast

coastal plains.  Within the Appalachian clade, the Northeast lineage ranges from central

Tennessee north to Massachusetts and west to central Illinois above the Mississippi River

Embayment.  The Cumberland lineage includes populations confined to the mountains of

northeastern Alabama and western North Carolina.
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FIGURE 18.

Bayesian 50% majority-rule consensus tree for the 286 Diadophis punctatus samples and

nine outgroup taxa.  Posterior probabilities based on 7500 post burn-in trees are shown

above the branches; nonparametric bootstrap proportions based on 1000 pseudo-

replicates are listed below. Designations of the major population lineages follow the text.

Symbols correspond to the geographic distribution of each lineage in Fig. 19.  The dashed

rectangle on the simplified tree depicts the position of the lineages in relation to entire

phylogeny.
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FIGURE 19.

Map showing the distribution of each D. punctatus population lineage diagnosed by

mtDNA variation.  Numbers above branches on the simplified tree are the mean dates of

origin for each of the major lineages and haplogroups.  Numbers below branches refer to

Table 1.
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     The Western clade is distributed from western Alabama to the coast of California and

is divided further into two sub-clades. The Central sub-clade consists of two lineages, a

Mississippi River Valley lineage ranging from southern Illinois south to central Arkansas

and western Alabama and a Great Plains lineage extending throughout the prairies and

grasslands of the central US from southern Minnesota to central Arkansas.  Within the

second sub-clade, a Western Louisiana lineage is distributed from west central Louisiana

through eastern Texas and into southwestern Oklahoma.  Further to the west, the North

Texas lineage extends from east of the Guadalupe Mountains in New Mexico through

north central Texas and into southern Kansas.  Bound by the Guadalupe Mountains in the

east and the Sierra Nevada Mountains in the West, the Great Basin lineage ranges from

southern New Mexico north to southern Idaho. West of the Sierra Nevada Mountains

three lineages were inferred ranging from southern California to central Washington.

The Southern California lineage is composed entirely of populations south of the

Transverse Mountains.  North of the Transverse Mountains, the Coastal California

lineage extends along the west coast of California into central Oregon.  Haplotypes from

this lineage were also present east of the Central Valley as far north as San Francisco Bay

where they overlap with the southern range of the Eastern California lineage.

Divergence Dating

Although the origin of Diadophis remains unknown due to the lack of sampling in

Mexico, the initial divergence within the US occurred between the Gulf Coast clade and

the continental clades during the late-Miocene (~6.7 mya Fig. 19; Table 1).  The

remaining major divisions (B, C, D; Fig. 18) and the divergences within the Gulf Coast
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clade and between the southwestern and California lineages occurred during the Pliocene.

Each of the extant lineages shared a most recent common ancestor during the Pleistocene

ranging from 0.238 to 0.985 mya, suggesting that the Laurentide ice sheet was not

directly related to the formation of these lineages.

 Population genetic analyses

Diversity indices and population structure.

Nucleotide diversity (#) across all D. punctatus haplotypes was 0.065 and the

mean number of pairwise differences (%) was 95.202.  Fu’s Fs statistic was significantly

negative for the entire species (-33.467) suggesting a recent range-wide expansion;

however, Tajima’s D was not significant (-0.32475).  The discrepancy between D and F

is likely due to the decreased statistical power of D in detecting significant changes in

population size (Ramos-Onsins and Rozas 2002). The molecular analysis of variance

(AMOVA) suggests that genetic variation in the D. punctatus complex is apportioned

non-randomly (p <0.01) with 86% of the variance between lineages, 4% between

populations within lineages, and only 10% within populations (Table 2).

Historical demography and dating population growth.

Tajima’s D and Fu’s Fs statistic were significant (p=0.05) for the Northeast, Great

Plains, Coastal California and Eastern California lineages. The Eastern Louisiana lineage
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was significant for Fu’s Fs and approached significance for Tajima’s D (p=0.057). The

remaining lineages, though not significant, were consistently negative for Tajima’s D

(Table 3) indicating an excess of low frequency haplotypes and putatively gradual

population growth. The mismatch distributions of pairwise nucleotide differences were

multimodal for most lineages with the exception of the Great Plains, Coastal California,

Eastern California and Northeast lineages.

The effective sample size (ESS) for each of the Bayesian skyline analyses was

greater than 200, suggesting that the 10 million generations were sufficient to determine

the demographic history for each lineage (Fig. 20).  None of the plots show any evidence

of genetic bottlenecks, recent sub-divisions or historical population contractions.

Furthermore, the Mid-Atlantic and West Louisiana lineages had slopes that were not

significantly different than zero, suggesting that these populations have maintained a

relatively stable size.

Unimodal distributions with low raggedness values, significantly negative D and

Fs values and the Bayesian skyline plots depicting growth provide strong support that the

Coastal California, Eastern California, Great Plains and Northeast lineages have

undergone sudden expansion. However, the lack of evidence for population declines and

significantly positive slopes from skyline plot suggests that the other lineages have also

undergone population growth, albeit very slowly.  Therefore, for each lineage we

estimated the years since expansion based on the estimate of $ from the mismatch

distribution.  Results suggest that expansion ages of the lineages range from 5 kya
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FIGURE 20.

Mismatch distributions (left) and Bayesian skyline plots (right) depicting the

demographic history for each lineage of D. punctatus.  For the mismatch distributions,

open circles represent the observed distribution of pairwise differences and the solid line

represents the expected distribution assuming population expansion.  For the skyline

plots, data were analyzed for 10 million generations in the program BEAST v1.4

(Drummond and Rambaut 2003; Drummond et al. 2005) using the appropriate model of

evolution determined from ModelTest 3.7 (Posada and Crandall 1998). The solid line

represents the median value for the log of the population size (log Ne ) and the dashed

lines represent the upper and lower 95% credible intervals. Graphs labeled with an

asterisk represent expanding populations.
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(Peninsular FL) to 16 kya (Northeast US) (Table 3), all of which follow the recession of

the Laurentide ice sheets ~18 kya.

DISCUSSION

 Phylogeographic patterns across North America

Our analyses revealed four major clades composed of 14 geographical lineages

within D. punctatus (Fig. 18). Within the US, the pattern of genetics breaks originate in

the southeastern US and spread along the eastern coastal plain into the northeast, then

east across the central US and into the west throughout California. The phylogeographic

patterns inferred from west of the Mississippi River are broadly concordant with those of

previous studies of North American taxa (Calsbeek et al. 2003; Pook et al. 2000; Castoe

et al. 2007).  However, the lineage diversity and phylogeographic patterns east of the

Mississippi River are not concordant with most other vertebrates studied (Hayes and

Harrison 1992; Burbrink et al. 2000; Burbrink 2002; Church et al. 2003).

The basal split within D. punctatus took placed during the late Miocene and

subtends the Gulf Coast clade from the three continental clades, which originated during

the Pliocene. Within the Gulf Coast clade, the Southeastern Louisiana lineage is limited

to lowland areas of southern Louisiana and southwestern Mississippi, confined by the

Red River to the north. During the Pleistocene, the mouth of the Mississippi River was

shifted to the west towards the present day Atchafalaya River (Mayden 1988). Glacial

melt waters carried increased sediment loads causing an eastward shift of the river basin

(Brown and Kennett 1998). The occurrence of Southeastern Louisiana haplotypes west of
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the current Mississippi River could be a result of these recent shifts. The Piedmont

lineage is confined to the southeastern coastal plain where the Southeastern Fall Line

separates the eastern coastal plain from the Appalachian Mountains. Throughout the

southeastern United States, the east-west genetic discontinuities observed in freshwater

and terrestrial species have largely been explained by two topographic features, the

Tombigbee River in eastern Alabama and the Apalachicola River that transects the

panhandle of Florida (Avise 2000; 2004; Burbrink et al. 2000; Near et al. 2001; Hoffman

and Blouin 2004; Soltis et al. 2006; Pauly et al. 2007). This lineage represents one of the

few squamate distributions that does not have an east-west genetic break associated with

the Apalachicola/Tombigbee Rivers, raising questions as to why and how this low-

vagility, coastal-plain endemic has been able to disperse across barriers that have been

important in shaping phylogeographic patterns of this region. A second factor thought to

have influenced the genetic patterns of Florida taxa has been fluctuations in sea level

during the late Miocene/early Pliocene.  As Florida became inundated, the north-south

central ridges persisted as a series of offshore islands separating populations from the

mainland (Webb 1990; Clark et al. 1999).  Although further sampling is needed to

determine the northern extent of the Peninsular Florida lineage, several taxa are endemic

to this region of Florida including squamates (Conant and Collins 1991), birds (Peterson

1980), mammals (Burt and Grossenheider 1976), turtles (Walker and Avise 1998),

butterflies (Kimball 1965) and plants (Elias 1987).

The second major division (B) corresponds to a southern Appalachian Mountain

discontinuity, separating the Mid-Atlantic clade from the Appalachian and Western

clades.  This lineage is restricted to mesic forests and floodplains of the Atlantic Coastal
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Plain from southeastern Virginia to western South Carolina. Similar east-west genetic

breaks have been found in the unglaciated regions of the Appalachian Mountains for

salamanders (Donovan et al. 2000; Zamudio and Savage 2003; Church et al. 2003),

turtles (Walker and Avise 1998), Atlantic white cedar (Mylecraine et al. 2004) and the

groundnut (Joly and Bruneau 2004). In western South Carolina, a secondary contact zone

between the Mid-Atlantic and Piedmont lineages is present along the Fall Line separating

the upland Piedmont of the Appalachians from the lowland Coastal Plain.

North of the Coastal Plain, the Northeast lineage of the Appalachian clade spans

the Appalachian Mountains and is confined to the east by the Mississippi River. A

genetic discontinuity associated with the Mississippi River has been well documented

both for plants and animals (Near et al. 2001; Al-Rabab’ ah and Williams 2002).

However, several animal species show additional sub-structuring associated with the

Apalachicola and Tombigbee Rivers (Burbrink et al. 2000; Brant and Orti 2003; Soltis et

al. 2006). These rivers appear to have had little effect on the genetic structure of the

Northeast lineage, which occupies mostly previously glaciated regions. Similar patterns

observed in the leopard frog (Rana pipiens) are thought to be due to expansion into

previously glaciated areas from northern refugia (Hoffman and Blouin 2004). At the

southern extent of the Appalachian Mountains, the Cumberland lineage is confined to the

montane environments of Western North Carolina and the Cumberland Plateau of

northeastern Alabama. Elevational changes across the range of a species can influence

dispersal patterns, causing genetic divergence between populations that have become

adapted to different elevations (Slatkin 1987; Manel et al. 2003; Palo et al. 2003).  The

preference for high-elevation habitat may be a factor in limiting the dispersal of these
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snakes into the lowland areas currently occupied by other lineages of D. punctatus.

Although uncommon in North American squamates, genetic differentiation has been

shown between low-altitude and high-altitude populations in the Pacific jumping mouse

(Vignieri 2005), the tiger salamander (Spear et al. 2005) and the long-toed salamander

(Giordano et al. 2007).

Within the Western clade, the Central sub-clade consists of the Mississippi River

Valley (MRV) and the Great Plains lineages.  Although the relationship between these

two groups remains unresolved, each lineage was well supported (100 PP and 95 BS) in

both analyses. The distribution of the MRV lineage is restricted to low elevation (< 200

meters) regions associated with the Mississippi Alluvial Plain (MAP). This flood plain

extends through seven states (southern Illinois, southeastern Missouri, western Kentucky,

eastern Arkansas, western Mississippi and Louisiana) and formed as a result of an influx

of water into the Mississippi River due to the melting of the North American ice sheets

(Perlmutter 1985).  Although outside what is normally considered the MAP, western

Alabama consists of lowland areas (< 200 m) associated with the western extent of the

Gulf Coast coastal plain. The apparent association with flood plain and lowland forest

habitat may be a factor inhibiting dispersal into the surrounding higher-elevation areas

while expansion into southern Louisiana appears to be restricted by the Red River. For

several species of plants and animals, the Mississippi River represents a major

biogeographical barrier with distinct mtDNA haplotype groups occurring east and west of

the river (Brown et al. 1996; Burbrink et al. 2000; Near et al. 2001; Berendzen et al.

2003; Brant and Orti 2003).  Our study indicates that D. punctatus may be the only

squamate that does not correspond to the east-west genetic break typical of other taxa.
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The distribution spanning the Mississippi River below the Embayment of southern

Illinois again raises questions as to how this low-vagility snake remains unimpeded by

barriers that have shaped the phylogeographic patterns of other taxa within this region.

North of the embayment, the influence of the Mississippi River becomes evident

separating the Northeast and Great Plains lineages. West of the Mississippi River, the

Great Plains lineage extends throughout the grasslands and prairies of the central US,

from southern Minnesota to the Central Highlands of western Arkansas. These snakes

occupy areas with elevations above 200 m, which may restrict dispersal into the lower-

elevation eastern flood plain occupied by the MRV lineage.

Restricted in the east by the Mississippi River and the Red River to the north, the

Western Louisiana lineage extends through the Piney Woods forests of western

Louisiana, eastern Texas and southern Oklahoma.  A preference for these high-density

coniferous forests may be a factor limiting dispersal into the adjacent hardwood forests of

the East Central Texas Plains. Throughout the North American Deserts, D. punctatus

becomes less abundant occurring in several small disjunct populations (Fig. 17).  Two

lineages reciprocally monophyletic for mtDNA haplotypes were inferred within the

southwest, corresponding to a Southern Rocky Mountain genetic discontinuity. East of

the Guadalupe Mountains, the North Texas lineage occupies the semi-arid highland

regions associated with the eastern Chihuahuan Desert and the Southern Plains of the

southwestern and central US. Haplotypes from both the Western Louisiana and North

Texas lineages occur in central Oklahoma, where the habitat shifts from the semi-arid

steppe of the southwest to the grassland prairies of the central US. West of the Rocky

Mountains, the Great Basin lineage is confined to the cooler, high elevations of the
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Sonoran and Mojave Deserts extending north throughout the Great Basin.  The Colorado

Plateau may be a genetic barrier isolating the Great Basin and North Texas lineages.

Ringneck snakes are largely absent from the high elevation xeric scrublands typical of

this region and are limited to small disjunct populations across the Great Basin and

Mojave Deserts (Fig. 19).  Their limited dispersal abilities combined with the unfavorable

habitat and smaller population sizes have likely contributed to maintaining a stable or

non-expanding demographic signal.  The east-west split inferred across the North

American Deserts is broadly concordant with the vicariant phylogeographic patterns

inferred for several other desert species, including fence lizards (Leaché and Reeder

2002), western rattlesnakes (Pook et al. 2000; Ashton and de Queiroz 2001),

diamondback rattlesnakes (Castoe et al. 2007), horned lizards (Reeder and Montanucci

2001; Leaché and McGuire 2006) and scaled quails (Zink and Blackwell 1998).

However, the distribution of the genetic break points is not shared across taxa, suggesting

that the patterns represent different underlying causal factors.  It would be of interest to

expand upon the sampling within these studies and to evaluate the geographical structure

and timing of molecular diversification across this region.   

The phylogeographic patterns of D. punctatus in California and along the West

Coast have been detailed elsewhere (Feldman and Spicer 2006).  However, our increased

mitochondrial sampling has delimited a third haplo-group restricted to the Sierra Nevada

and Cascade Ranges.  This Eastern California lineage may come into contact with the

Coastal California lineage at several points along the central Sierra Nevada and again in

the Cascade Range. Whether the presence of Coastal haplotypes in the interior ranges of

California represents dispersal or simply the retention of ancestral haplotypes that have
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otherwise gone extinct in eastern California is unknown.  Dispersal events across the

Central Valley or through the Transverse Ranges into the Sierra Nevada have been

proposed for a number of species (Moritz et al. 1992; Tan and Wake 1995; Rodriguez-

Robles et al. 1999; Feldman and Spicer 2002; Janzen et al. 2002; Spinks and Shaffer

2005). The apparent absence of a geographical barrier between the Coastal and Eastern

California lineages provides an additional opportunity to test the genetic exclusivity of

these minimally diverged mtDNA lineages.

Demographic History

During the peak of the last continental glaciation, approximately 18,000 years

ago, the Laurentide Ice Sheet extended south to about 39° N in eastern North America

(Delcourt and Delcourt 1987). Glaciers and associated climatic changes drove high

latitude populations into more southern habitats (Hewitt 1999). The leading edge model

of population expansion predicts that lineages at the glacial margins would have

undergone rapid population expansion as previously unsuitable habitat became colonized.

Such rapid or step-wise colonizations would be characterized by low levels of genetic

diversity as each new founding population represented only a fraction of the ancestral

population’s genetic diversity (Nichols and Hewitt 1994; Hewitt 2000).

Eastern US.

For the six lineages inferred east of the Mississippi River, only the Northeast had

significantly negative values for Tajima’s D (-2.07) and Fu’s Fs (-15.76), unimodal

mismatch distributions and Bayesian skyline plots consistent with rapid population
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expansion (Fig. 20).  The average estimates of $ suggest that expansion began during late

Pleistocene (~ 16 kya) coinciding with retreat of the ice sheets.  Additionally, the

distribution of haplotypes throughout shows extensive panmixia between northern and

southern populations with little to no sub-structuring across great distances. These results,

when combined with the high haplotype and low nucleotide diversity, are consistent with

patterns of population expansion out of more southern refugia. Given the complex

lineage diversity inferred throughout the southeast, populations of the Northeast lineage

likely survived glacial cooling periods further north in the Appalachian Mountains or

interior refugia near the edge of the glacial ice sheets.  Several lines of evidence have

emerged suggesting that re-colonization of glaciated landscapes in the eastern US may

have occurred from refugia located further north than previously proposed (McLachlan et

al. 2005).

In contrast to the Northeast lineage, demographic analyses for the three Gulf

Coast lineages as well as the Mid-Atlantic, Cumberland and Mississippi River Valley

lineages revealed multimodal mismatch distributions and non-significant D and Fs

statistics (Fig. 20, Table 3). Bayesian skyline plots for each group also showed little to no

growth over time, with the exception of the Southeastern Louisiana lineage (Fig. 20 part

1). Further sampling across southern Mississippi and western Alabama may help to

clarify the demographic history of this lineage.   Thus, the other eastern lineages do not

appear to have undergone a significant population expansion or contraction but have

remained relatively stable through time.

The maintenance of population stability across the complex ecosystems

characterizing the southeastern US is likely due to a combination of extrinsic and
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intrinsic barriers to dispersal. Even in the absence of geological barriers, habitat

requirements alone can limit the ability of individuals to disperse across inhospitable

landscapes or into novel communities (Crespi et al. 2003). Furthermore, the precedence

of established lineages, competitive interactions between lineages or the presence of

narrow hybrid zones may restrict gene flow and limit dispersal (Hewitt 1996). These

factors should have had little effect on the expansion of temperate biota from long-term

southern refugia into previously unsuitable unoccupied areas. As populations confined in

northern refugia expanded following retreat of the glaciers, competitive effects between

neighboring southern lineages may have restricted dispersal, maintaining the genetic

structure of each lineage (Hewitt 1996).  Inter-lineage interactions affecting population

expansion have been proposed for the distribution of other Southeastern taxa with limited

dispersal capabilities (Zamudio and Savage, 2003; Crespi et al. 2003; Kozak et al. 2006).

Central US.

Even though the Laurentide Ice Sheets did not extend as far south in the center of

the continent as they did in the East, the effects on regional biota were similar (Brant and

Orti 2003). Genetic variation in the Great Plains lineage conforms to predictions of

population expansion models with unimodal mismatch distributions, significantly

negative values of D (-1.690) and Fs (-21.99), and Bayesian skyline plot depicting rapid

growth. Although the average time since expansion was relatively recent (< 7 kya), the

high haplotype diversity and low nucleotide diversity are consistent with population

expansion following colonization of previously glaciated regions. The relatively

homogenous topography and climatic conditions of the Midwest region likely have
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contributed to a lack of local differentiation among Great Plains ringnecks as well as

other species (Stein et al. 2000). Tree topologies with shallow branches, little internal

resolution (Fig. 18 part 2) and low sequence divergence further suggest recent population

expansion from refugial areas.  Throughout the Midwest, glacial refugia have been

proposed in Oklahoma, northern Texas and the Interior Highlands, the latter of which

includes the Ozark and Ouachita Uplands of Missouri and Arkansas (Wiley and Mayden

1985; Mayden 1988; Brant and Orti 2003; Zamudio and Savage 2003). The lack of Great

Plains haplotypes within western Oklahoma and northern Texas suggests that the Interior

Highlands acted as a southern refugium for ringnecks during times of glacial expansion

(Fig. 19).

 The historical demographic patterns inferred between northern and southern

lineages of the central U.S. were similar to those in the eastern U. S. Neither the Western

Louisiana nor the North Texas lineage showed signatures of population expansion in the

demographic analyses, suggesting long-term population stability (Table 3 Fig. 20).  These

results are consistent with the prediction that northern lineages nearest the receding

glacial edge underwent exponential population growth, while ecosystem stability or

competitive interactions between southern lineages restricted geographic expansion

(Hewitt 1996). Additional factors affecting expansion of the North Texas lineage may be

the unsuitable habitat of the Rocky Mountains and Intermontane Plateaus to the north and

the Guadalupe Mountains to the west.

Western US.
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In the arid West, Diadophis appears restricted to patches of suitable mesic

environments surrounded by less hospitable xeric habitats.  Thus widespread movements

or colonization events seem unlikely.  Indeed, genetic variation in the Great Basin lineage

this group conforms to predictions regarding long-term population stability (Table 3 Fig.

20). The specific habitat requirements of these snakes may be inhibiting population

expansion into the surrounding areas.  Increased sampling and the incorporation of

microsatellite loci would be appropriate for testing the localized effects of altitude,

geography and habitat shifts on the genetic diversity and connectivity between

fragmented southwestern populations.

With respect to the California clade, Feldman and Spicer (2006) have recently

provided a detailed explanation of the evolutionary and demographic history of

California woodland reptiles. Our analyses of the combined data set inferred an

additional northern California lineage confined to the Sierra Nevada Mountains (Fig 19).

The separate demographic analyses of the two northern California lineages are consistent

with the findings of Feldman and Spicer (2006), regarding Coastal and East California

populations experiencing rapid population expansion during the Holocene approximately

7 (kya) and 10 (kya) respectively (Table 3 Fig. 20). This expansion would have been

exacerbated by Holocene warming explaining a spread of suitable woodland habitat in

the central and northern regions of California (Van Devender and Spaulding 1979; Smith

et al. 2000)). This warming trend simultaneously decreased the extent of suitable habitat

south of the Transverse Mountains. The demographic results for the Southern California

lineage (Table 3 Fig. 20) lend further support to the conclusions of Feldman and Spicer
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(2006) that the loss of suitable habitat throughout southern California had a stabilizing

effect on the populations.

5. CONCLUSIONS

This study is the first comprehensive phylogeographic analysis of the trans-

continental snake Diadophis punctatus.  Separate and combined analyses of cytochrome

b and ND 4 data sets inferred 14 well-supported mtDNA lineages occupying specific

habitats separated by putative physical, biotic or ecological barriers. Previous studies of

such broad ranging species have revealed considerable cryptic diversity and a more

complex evolutionary history than postulated by previous workers, however the

distribution and diversity of lineages in D. punctatus is unlike any other North American

squamate. Whereas the patterns inferred throughout the western U. S. were broadly

concordant with previously identified genetic barriers, several lineages in the eastern U.

S. exhibited distinct patterns not shared by any other species.  We attribute these patterns

to the presence of Pleistocene glaciers and the associated climatic shifts. With the

exception of the fragmented populations throughout the southwest, coalescent and non-

coalescent measures of demographic history suggest post-glacial expansion into

previously unsuitable habitats for each of the four northernmost lineages. However, the

estimates of time since expansion suggest that factors leading to population growth

differed between regions. In the Eastern and Central U. S., advancing Pleistocene glaciers

drove northern populations into southern refugia promoting intra-specific lineage

diversity.  As glaciers receded, lineages in relatively northern refugia expanded into

previously glaciated areas, while poor dispersal abilities and possibly increased inter-
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lineage competition restricted southern lineages resulting in the current phylogeographic

patterns (Fig. 21). The general warming trends that led to the recession of glaciers caused

fundamental ecosystem-wide changes across North America.  In accordance with these

changes, demographic patterns suggest that the northern California lineages expanded as

suitable habitat spread further north as temperatures increased during the Holocene.

An additional striking outcome of our study is the identification of three putative

areas of secondary contact.  Such zones are of particular interest because they can

provide important information about the interaction between lineages, how populations

merge or diverge, and even how adaptive or maladaptive variation can be transferred

through introgressive hybridization (Wake 1997).   The contact zones within Oklahoma

and South Carolina are especially intriguing because they appear to be associated with

ecological transition zones. Secondary contact zones that are situated along ecotones

provide an opportunity to test the Bounded Hybrid Superiority model (Moore 1977).

Under this model ecological requirements are viewed as the causal factors in determining

variation in fitness among individuals, making hybrids that are more fit in transitional

habitats than either of the parental lineages and less fit in the parental habitats (Anderson

1949; Moore 1977). Finer scale sampling incorporating nuclear loci may reveal details of

the genetic properties (cline shape, width, fitness) within these putative contact zones.

Finally, it seems apparent from these results that the species level diversity is

currently underestimated and that a full taxonomic review is warranted. However given

the extensive lineage diversity and multiple secondary contact zones, a taxonomic

revision should not be undertaken without further sampling, particularly throughout
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Mexico, and the addition of nuclear data to examine gene flow across the putative

barriers.
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FIGURE 21

Map showing the distribution of the lineages depicting rapid expansion of the northern

most lineages (light gray) and long-term population stability of the southern lineages

(dark gray).  Dark lines represent the proposed geographic range for each group.

Symbols correspond to Fig. 18
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CHAPTER 3

Evaluating Hypotheses on the Origin and Diversification of the Ringneck Snake,

Diadophis punctatus (Colubridae: Dipsadinae).

(Adapted from Fontanella, F.M and Siddall, M. E. 2009. Evaluating hypotheses on the

origin and diversification of the ringneck snake, Diadophis punctatus (Colubridae:

Dipsadinae)

Zoological Journal of the Linnean Society XX: XX-XXXX

Text extracts reproduced by permission from the Publisher
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INTRODUCTION

Determining the origin, assembly and evolution of North American biota has long

been of interest to biogeographers. Central Mexico has been of particular interest due to

its rich biodiversity and having been recognized as a transition zone between the Nearctic

and Neotropical biogeographic regions.  However, any line demarcating these two

regions has been blurred by the variety of ranges for the Mexican fauna (Wallace, 1876;

Halffter, 1976) leading several authors to suggest a large transition zone between strictly

northern and southern biota (Heilprin, 1887; Halffter, 1976).  Although comparative

biogeographic studies have shown the existence of a definitive transition zone between

northern and southern taxa, there is no consensus region applicable for all taxa

(Escalante, Rodriguez, & Morrone, 2004; Huidobro et al., 2006; Morrone, 2006). Despite

this inability to precisely demarcate a boundary between the Nearctic and Neotropics,

many species inhabiting the tropics reach their northern most limits in central or southern

Mexico near where Nearctic species reach their southern limits.  This transition between

these regions combined with the extensive biodiversity and complex geology has led

authors to consider Mexico an ancestral area for several species extending throughout

Mexico and into the conterminous United States (Gloyd, 1940; Blanchard, 1942;

Santacruz–Varela et al., 2004).

The close affinities recognized between taxa in Mexico and the contiguous United

States has led to a variety of biogeographic scenarios (Klauber, 1972; Rosen, 1978; Webb

& Wilkins, 1984; Zink, 2002). An "Out of Mexico" hypothesis proposes that certain

species originated within Mexico and dispersed into the United States followed by

isolation and allopatric speciation. The majority of phylogeographic studies involving
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species inhabiting Mexico and the conterminous United States have focused on taxa

distributed throughout the warm deserts of northern Mexico and the southwestern United

States (Riddle & Honeycutt, 1990; Lee, Riddle & Lee, 1996; Upton & Murphy, 1997;

Zink & Blackwell, 1998; Orange, Riddle & Nickle, 1999; Nason, Hamrick & Fleming,

2002; Haffner & Riddle, 2005; Jaeger, Riddle & Bradford, 2005). These studies have

revealed genetic discontinuities, hybrid zones and species boundaries consistent with a

model of allopatric speciation for a variety of taxa. A comparative phylogeographic study

of birds, mammals and reptiles inhabiting the arid–lands of North America revealed a

concordant split for 13 of the 16 species, each associated with the formation of the

mid–peninsular seaway in Baja California (Zink, 2002) pointing to an ancestral

configuration for the Baja biota.

 Although few biogeographic studies have been conducted across the central

portions of Mexico, a second ancestral area has been proposed for the southern portion of

the Mexican Plateau near the foothills of the Trans–Mexican Volcanic Belt (Blanchard,

1942; Klauber, 1972; Wikler & Gordon, 2000; Place & Abramson, 2004).  This large

highland occupies much of northern and central Mexico and is defined by the Sierra

Madre Occidental to the west, the Sierra Madre Oriental to the east and the

Trans–Mexican Volcanic Belt to the south. Although once a semiarid savanna that

extended into the southwestern United States, the combined rainshadows of the Sierra

Madre Occidental and the Sierra Madre Oriental have resulted in a contemporary

desert–scrub–steppe woodland habitat (Alexander & Riddle, 2005).  The combination of

climate change, mountain ranges and high elevation has facilitated the isolation of the

central plateau resulting in high species diversity and multiple areas of endemism
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(Escalante, Sanches–Cordero & Morrone, 2007) that could have served as a center of

origin for species radiating northward. Recent efforts using biogeographical mapping or

molecular phylogeography have revealed Mexican origins for a various Nearctic taxa

including the Bicknell’s thrush (Catharus bicknelli) (Outlaw et al., 2003), rattlesnakes

(genus Crotalus) (Gloyd, 1940; Klauber, 1972; Greene, 1997; Place & Abramson, 2004),

thamnophine snakes (Ruthven, 1908; Alfaro & Arnold, 2001), corn (Zea mays)

(Santacruz–Varela et al., 2004) and a fungus (Fusarium circinatum) (Wikler & Gordon,

2000).  The ringneck snake Diadophis punctatus (L.) provides an opportunity to evaluate

the "Out of Mexico" hypothesis because it has a remarkably large and continuous range

extending from the southern portion of the Mexican Plateau and Trans–Mexican

Volcanic Belt northward throughout the conterminous United States and into eastern

Canada. Ringneck snakes have generalist diets, preying on salamanders, earthworms,

reptiles and insects (Blanchard, 1942; Blanchard, Gilreath & Blanchard, 1979; Stebbins,

1985; Conant & Collins, 1991) allowing them to exploit a variety of habitats ranging

from the mixed hardwood forests of southern Canada to the deserts of the Southwestern

US and into the desert–scrub–steppe woodland habitat of central Mexico (Stebbins,

1985).  This species is proposed to have low vagility, as well as extensive morphological

and behavioral variation (Blanchard, 1942; Gehlbach, 1965; Blanchard et al., 1979;

Connant & Collins, 1991; Stebbins, 2003). Based on the morphological variation,

Blanchard (1942) considered the southern portion of the Mexican Plateau to be the center

of origin for D. punctatus.  As support for this notion, he cited the moderate number of

ventral scales and larger body size for Mexican ringnecks relative to the 13 currently

recognized sub–species distributed throughout the conterminous United States.
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In this study, we expand on preexisting (Fontanella et al., 2008) phylogeographic

data for D. punctatus, incorporating new data from previously unsampled areas

appropriate to critically assessing hypotheses regarding a Mexican origin for the species.

MATERIALS AND METHODS

Specimens examined

Due to uncertainty of the sister group and to assess the monophyly of D.

punctatus, outgroup taxa included xenodontine snakes from North America (Contia

tenuis (Baird & Girard, 1852), Hypsiglena torquata (Gunther, 1860), Rhadinaea flavilata

(Cope, 1871), Farancia abacura (Holbrook, 1836), Heterodon simus (L., 1766) and

Heterodon platyrhinos (Latreille, 1801), the Central American Alsophis portoricensis

(Reinhardt & Lutken, 1863) and Arrhyton exiguum (Cope, 1863), and the South

American Helicops angulatus (L., 1758) (Pinou et al., 2004; Lawson et al., 2005).

Ingroup sampling included new data for more than 100 individuals from previously

unsampled areas throughout North America.  Samples from southern Mexico were

collected within the proposed range of the Mexican ringneck snake D. p. dugesii

(Blanchard, 1942), allowing us to determine the origin of the genus Diadophis.

Additional population level sampling was included to refine the boundaries of and test

the exclusivity of the mtDNA lineages in addition the 286 individuals previously sampled

(Fontanella et al., 2008) from across the contiguous United States (Supplementary

Material 1).

Molecular methods
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Genomic DNA was obtained from liver, muscle or shed skins using the Qiagen

DNA extraction kit. We amplified the complete cytochrome b (1117 bp) mitochondrial

gene for each of the new samples via PCR using published primers and protocols

(Burbrink, Lawson & Slowinski, 2000). In order to compare divergence date estimates to

Fontanella et al. (2008), we also amplified a 659 bp portion of the ND 4 gene for those

individuals used in the dating analyses (see below).  This gene fragment was amplified

using published primers and protocols (Arevalo, Davis & Sites, 1994).  Amplifications

were purified using AMPURE (Agencourt) following the manufacturer’s instructions.

Purified PCR products were sequenced, purified and aligned following the protocols of

Fontanella et al. (2008). The alignments were unambiguous with no gaps present for each

D. punctatus sequenced in this study. Sequences were deposited in GenBank under the

accession numbers (FJ358734-FJ358829).

Phylogenetic analyses

Phylogenetic trees were constructed using both maximum parsimony (MP) and

maximum likelihood (ML) criteria. Maximum parsimony analyses were conducted in

TNT (Goloboff, Farris & Nixon, 2003) using a heuristic search method with equally

weighted characters, 1000 random addition–sequence replicates and the

tree–bisection–reconnection (TBR) branch–swapping algorithm.  Support for internal

nodes was assessed using non–parametric bootstrapping (BS) (Felsenstein, 1985) with

1000 pseudo–replicates and 100 random addition–sequence replicates.

ModelTest v3.7 (Posada & Crandall, 1998) was used to select the best–fit model of

nucleotide change based on the Akaike Information Criterion (AIC) (Akaike, 1973). The
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GTR + ! + I (general time reversible model with !–distributed among–site rate variation

and with a proportion of invariant sites) model was selected as the most appropriate

model of nucleotide substitution. We conducted ML analyses using RAXML–VI–HPC

version 7.0.4 (Stamatakis, 2006).  Our RAXML analyses implemented the GTRGAMMA

nucleotide substitution model with an among–site rate heterogeneity parameter

partitioned across each codon position with a proportion of invariant sites.  The

implemented model is equivalent to the general time–reversible model with an

among–site rate heterogeneity parameter determined by ModelTest.  To assess support

values for the inferred relationships, we implemented 10000 nonparametric bootstrap

replicates.  Analyses were run on the Cyberinfrastructure for Phylogenetic Research

(CIPRES) cluster at the San Diego supercomputer center (Stamatakis, Hoover &

Rougemont, 2008).   

Hypothesis Testing

To discriminate specific topological scenarios under likelihood based criteria we

implemented the Shimodaira–Hasegawa (S–H) test (Shimodaira & Hasegawa, 1999) in

PAUP* VERSION 4.0b (Swofford, 2002) and the Approximately Unbiased (AU) test

(Shimodaira, 2002) in CONSEL (Shimodaira & Hasegawa, 2001).  Because likelihood

searches for alternative topologies would be time consuming, all constraint tests were

conducted on topologies constructed from a reduced data set. These tests allowed us to

examine whether the best tree possible under the proposed constraint is a significantly

worse fit to the data than the best tree without the constraint.  These tests are useful for

assessing the confidence of conclusions when data cannot resolve individual nodes of a
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tree or when nodes have low support. The reduced data sets were analyzed using the

same model parameters listed above.

We first tested Blanchard’s (1942) hypothesis that the genus Diadophis originated

in central Mexico and served as the source population for the conterminous United States.

Blanchard’s (1942) hypothesis was based on an increased number of dorsal scales and the

possession of two posterior temporal scutes compared to the decreased number of dorsal

scales and single posterior temporal scutes found in ringnecks throughout the

conterminous United States.  This scenario predicts that the populations from central

Mexico are phylogenetically more closely related to the US lineages as a whole than to

any single US lineage.

The second prediction was that central Mexico served as the source population for

the lineages confined to the eastern United States. Close affinities have been proposed

between multiple species in the southeastern United States and Central Mexico with the

Neotropics (Hubbs, 1936; Martin & Harrell, 1957; Wiley, 1976).  During glacial

intervals, sea levels were nearly140 m lower in comparison to present levels opening

corridors along the Gulf Coast allowing dispersal of species into the Southeastern US

(Webb & Wilkins, 1984; Ellsworth et al., 1994).  Fontanella et al. (2008) inferred the

initial divergence of D. punctatus as a southeastern origin, however their analyses did not

contain representatives from Mexico. Under this scenario, the Mexican populations

would be phylogenetically more closely related to the populations in the southeastern

United States than to other lineages.

Finally, we expand upon the hypothesis that D. punctatus originated in the

southeastern United Sates by testing against a west to east dispersal pattern. The
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southeastern United States is a geologically and topographically complex area that has

long been recognized as a center for origin and dispersal for eastern biota (Adams, 1902).

The region has remained largely undisturbed throughout oscillating climatic cycles,

which allowed for existence of multiple refugial areas during times of glacial

advancement (Soltis et al., 2006; Waltari et al., 2007; Fontanella et al., 2008).   This

combination of long–term stability and complex topography has contributed to the

region’s high endemicity and extensive biodiversity.

Divergence Dating

In order to compare divergence dates between lineages for the new topologies to

those of Fontanella et al. (2008), we included the 659 bp portion of the mitochondrial

gene ND 4. BEAST v1.4.4 (Drummond & Rambaut, 2003) was used to infer the date of

origin for each lineage without relying on a molecular clock and considering uncertainty

in tree topology and branch length (i.e., ‘the relaxed phylogenetics’ method).

Phylogenetic estimates were constructed under the GTR+! model with an uncorrelated

lognormal tree prior and a constant population size prior. Derived from fossil data

(Holman, 1979, 2000), a mean calibration point of 7.5 Mya was placed at the root of D.

punctatus with a lognormal standard deviation of 0.29 producing a 95% credible

sampling interval (CI) from 4.55 to 12.1 Mya.  This time frame spans the North

American Land Mammal Age (Hemphillian) into the Clarendonian Age; the latter age

has not produced fossils for this species and is a reasonable cutoff point for the upper CI.

Analyses were run for 30 million generations and sampled every 1000th iteration

following a burn–in of 3000.
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Ancestral Area Reconstruction

To reconstruct the ancestral distributions on the phylogeny of D. punctatus, we

implemented the dispersal–vicariance analysis in DIVA v.1.1 (Ronquist, 1996).  This

method attempts to optimize the reconstruction of ancestral distributions by assuming a

vicariant model while also incorporating the potential for dispersal and extinction in

shaping the current distributional pattern.  Five areas were defined by geographical

boundaries: A) Coast Plain south of the Appalachian Mountains and east of the

Mississippi, B) Northeastern United States north of the Appalachian Mountains and east

of the Mississippi River C) West of the Mississippi River to the Rocky Mountains, D)

West of the Rocky Mountains, and E) Mexico (Fig. 22).

 Analyses were run using the exact search without further restriction of the number

of areas in which the ancestor occurred (i.e. admitting the possibility of a widespread

ancestor). This assumes that the dispersal ability of the ancestor was not greater than any

of the descendants and asks the question:  if the group had a center of origin in the past,

what would be the most likely ancestral area for the group?
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FIGURE 22.

Map of the United States and Mexico showing the five geographic regions used in the

ancestral area reconstruction analysis.
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RESULTS

Phylogenetic reconstruction

Our aligned mtDNA data set of 1117 sites comprises 286 previously published

(Fontanella et al., 2008) and 95 sequences from previously unsampled regions throughout

the United States and Mexico.  The absence of premature stop codons and a strong bias

against guanine in the light strand suggest that these sequences are from the

mitochondrial genome and not nuclear integrated copies or pseudogenes (Zhang &

Hewitt, 1996).

The Maximum Likelihood analyses produced a well resolved phylogeny (Fig. 23)

with a mean ln–likelihood score of –18077.783742 and mean parameter values of alpha=

0.84563 , proportion of invariant=0.317964, G " T = 1.000, C " T=4.359, C " G =

1.485,  A " T = 0.759,  A " G = 6.671, A " C = 1.101 and a tree length of 2.662.

Maximum parsimony analysis of the 442 parsimony informative characters produced 53

equally parsimonious trees of 2351 steps.  Because Maximum Likelihood and

Maximum–Parsimony topologies were highly congruent, only the maximum likelihood

tree is presented. Support values from both methods are indicated where the two trees are

concordant.  The inclusion of the additional 100 samples resulted in the inference of an

additional two well–supported mtDNA lineages and provides a better understanding of

the geographic boundaries for mtDNA lineages.

The Diadophis punctatus complex formed a well–supported monophyletic group

exclusive of the other xenodontines.  Similar to Fontanella et al. (2008), the resulting

hypothesis illustrates four major clades across North America; Gulf Coast, Mid–Atlantic,

Appalachian and Western (Fig. 23).  Within the Appalachian clade we inferred an
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additional mtDNA lineage that extends from eastern Illinois above the Mississippi River

Embayment southeast to south central Tennessee. This Western Kentucky lineage is

sister to the Northeast lineage, re–positioning the Cumberland lineage as sister to the

Western Kentucky+Northeast clade.

The samples included from central Mexico formed a well–supported lineage

extending from eastern Michoacan east to the boarder of Guanajuato and Queretaro.

Within the Western clade, the Mexican lineage is sister to the North Texas+Great Basin

clade. However, the placement of this lineage had little support in both analyses.

Because the populations from southern Mexico were nested within the Western clade and

analyses indicated that the position within the tree was somewhat ambiguous, we

evaluated support for the alternative phylogenetic scenarios.  Results from both the S–H

and AU test rejected each of the proposed biogeographic hypotheses (Table 4).
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FIGURE 23.

 Maximum Likelihood tree for the 386 Diadophis punctatus samples and nine outgroup

taxa. Nonparametric bootstrap proportions based on 1000 pseudo–replicates are listed

above branches.  Asterisk below represent nodes with MP bootstrap values greater than

70. Symbols correspond to the geographic distribution of each lineage in Fig. 25. New

mtDNA lineages are indicated with dark branches
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Divergence Dating

Based on the combined analyses of cytochrome b and ND 4, the initial divergence

within Diadophis occurred between the Gulf Coast clade and the conterminous clades

during the late Miocene (~6.5 Mya Fig. 24; Table 5).  The four major clades (Gulf Coast,

Appalachian, Mid–Atlantic and Western) and the divergences between the lineages of the

Gulf Coast clade occurred during the Pliocene.  Regional divergences within the

Appalachian and Western clades as well as the origins of the extant lineages occurred

during the Pleistocene.

Ancestral Area Reconstruction

The DIVA results indicated that the optimal area distribution required 9 dispersal events

(Fig. 24).  For the primary radiation of D. punctatus, DIVA unequivocally inferred an

optimal ancestral area in the southeastern region indicating a restricted ancestral

distribution followed by dispersal throughout the northeastern states.  For the lineages

strictly west of the Mississippi River, DIVA inferred an ancestral area in the central states

west of the Mississippi River.  The ancestral areas for the lineages occupying Mexico, the

western deserts and California were largely ambiguous.



123



124

FIGURE 24.

 Simplified tree with the mean dates of origin (in millions of years) for each of the major

lineages and haplogroups.  Numbers below nodes refer to Table 2.  Letters above nodes

refer to the optimal reconstructions of ancestral areas; A=Coast Plain south of the

Appalachian Mountains and east of the Mississippi, B=Northeastern United States north

of the Appalachian Mountains and east of the Mississippi River, C=West of the

Mississippi River to the Rocky Mountains, D=West of the Rocky Mountains, and

E=Mexico.
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DISCUSSION

Origin and diversification of Diadophis punctatus

Our analyses agree neither with the hypothesis of Blanchard (1942), who

suggested that the ancestral area of D. punctatus was in central Mexico and that D. p.

dugesii arose first, nor with the hypothesis that the lineages throughout the eastern United

States are derived from a Mexican ancestor.  Under a phylogenetic framework,

Blanchard’s (1942) hypothesis implies that the southern Mexico populations should be

the earliest diverging lineage for any phylogenetic analyses. Likewise, the Gulf Coast

corridor hypothesis suggests the drop in sea level during glacial periods of the

Miocene/Pliocene exposed Gulf Coast shelf, allowing dispersal from southern Mexico

into the southeastern United States. Yet the topologies that we estimated indicate that the

populations from Mexico are nested well within D. punctatus, in a derived position more

closely related to the lineages occupying the western United States rather than basal to

Diadophis as a whole or to any of the eastern lineages. The results of all the topological

constraint tests indicate a significantly worse topology when the Mexican populations are

forced to be the first lineage of the genus Diadophis or sister to the lineages occupying

the eastern United States (Table 4).  The placement of Mexican populations nested within

the tree suggests that the possession of two posterior temporal scales and moderate

number of scale counts, characters considered by Blanchard (1942) to be primitive, are

actually derived and apomorphic for the Mexican lineages. That said, the results of the

constraint tests indicate that the precise placement of the Mexican lineage is not

statistically well supported with respect to the western lineages.  The central Mexico

lineage can be shifted as sister to all of the lineages of the Western clade without a
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significant change in likelihood score. Although the likelihood value of this topology is

not significantly worse, it presents a convoluted biogeographic pattern.

Regardless of optimality criterion, the origin of the genus Diadophis appears to be

in southeastern States.  We further tested this hypothesis by constraining lineages in the

eastern United States to be most closely related to lineages in the western United States,

each of which resulted in significantly worse topologies (Table 4). These conclusions are

supported by the ancestral area reconstructions, which unequivocally inferred a

southeastern origin for D. punctatus. Additionally, the oldest fossil of the genus

Diadophis was found in southern Florida lending additional support for a southeastern

origin (Holman, 2000). Species origins in the southeastern United States have been

attributed to a combination of geological and zoogeographic factors (Adams, 1902). The

Southeast is an ancient and highly diverse landscape over half a billion years in age and

composed of numerous physiographic provinces. Differentiation of species also has been

fostered by the Southeast's stable geologic history. This region was neither significantly

disturbed during ice ages nor completely inundated by rising sea levels during interglacial

periods. These upland areas have served as the primary "spawning sites" for the evolution

of new species (Adams, 1902; Butler & Mayden, 2003).

The combined data inferred an initial divergence within D. punctatus during the

late Miocene approximately 6.5 Mya with the separation of the Gulf Coast lineages from

the remaining conterminous lineages (Fig. 24, Table 5).  This time period was marked by

a major cooling trend with the progression of glaciers across the northern and Pacific

regions (Dorf, 1959).  The remaining major divergences occurred during the warming

trend of the Pliocene, between 5–3 million years ago, following the retreat of the
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Miocene glaciers. From the southeastern United States, the major biogeographic pattern

follows a southeast to northeast then westward directionality of historical migration, with

the divergence of the Mid–Atlantic lineage followed by a split across the northeastern US

separating the Appalachian clade of Fontanella et al. (2008). The new biogeographic

scenario within the Appalachian clade suggests a southern Appalachian origin followed

by the divergence of the Northeast and Western Kentucky lineages respectively.

Across the southwest, the results suggest an historical migration from the central

United States into Mexico and across the southwestern deserts. The position within the

phylogeny, the date estimate and the ancestral area reconstructions for the southwestern +

Mexico clade combined suggests a relatively recent invasion into central Mexico.

Typically, reptiles occupying the Western United States are confined to the xeric habitats

of the Chihuahuan and Sonoran deserts in northern Mexico (Riddle & Hafner, 2006) and

do not extend into the grasslands of central Mexico or as far south as the Trans–Volcanic

Belt.  Interestingly, the divergence date estimate for the central Mexican lineage indicates

a recent origin, approximately 34 kya.   Based on palynological records, the Pleistocene

conditions of Mexico were very different from present.  Northern Mexico had a more

temperate forested climate with extensive lakes and wetland areas while in central

Mexico, glaciers expanded and there were extensive pine forests mixed with alpine

grasslands (Metcalf et al., 2000). Since that time, the reorganization of atmospheric

circulation caused major changes to seasonality and precipitation throughout Mexico

leading to the drying out of Northern Mexico and resulting in significant changes to

species distributions (Metcalf, 2006). Unfortunately, the sparse sampling throughout

Mexico still limits our understanding of the southern extent of the North Texas and Great
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Basin lineages and genetic barriers between these lineages and the one sampled Mexican

lineage.  Further sampling throughout these areas is needed to more accurately define the

range limits and potential barriers to these lineages.

Phylogeographic Patterns

 Analyses of our expanded sampling revealed four major clades inferred in

Fontanella et al. (2008) plus an additional two lineages from previously unsampled areas,

resulting in a total of 16 mtDNA lineages throughout the range of D. punctatus (Fig. 25).

The addition of these lineages provides better estimates of the divergence dates for the

origin of the genus Diadophis as well as dates for origin of the contemporary lineages.

Rather than reiterating all of the previously published details (Fontanella et al., 2008), we

limit our discussion to the distribution of newly inferred mtDNA lineages, their

relationships to other D. punctatus lineages and changes to the geographic range of

certain mtDNA lineages.

The newly sampled Western Kentucky lineage extends from south central

Tennessee west along the Tennessee River and into to Lincoln Hills of southeastern

Illinois.  This lineage is associated with the mixed upland oak stands of the Tennessee

Western Highland Rim and the hardwood forests of southern Illinois.  Dispersal of these

snakes into the flood plains of the Mississippi Alluvial Plain, which is occupied by the

Mississippi River Valley lineage, appears to be inhibited by the Tennessee River to the

west and the Shawnee Hills in southern Illinois.  In western Illinois the Mississippi River
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FIGURE 25.

Map showing the distribution of each D. punctatus lineage diagnosed by mtDNA

variation. Symbols correspond to Fig. 23.   Dark line corresponds to distribution of

Diadophis punctatus throughout the United States and Mexico.
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appears to be a barrier to western dispersal, isolating Western Kentucky populations from

those of the Great Plains lineage.  The lack of an apparent geographic barrier and the

physiographic homogeneity of the Illinois Basin suggest the likely existence of a

secondary contact zone between the Western Kentucky and Northeastern lineage in

central Illinois.

 Throughout the eastern United States D. punctatus is considered widely abundant,

however they are sparsely distributed throughout much of the southwestern deserts and

Northern Mexico (Conant & Collins, 1991; Mendelson & Jennings, 1992). Two lineages

were inferred throughout this region: the North Texas lineage that extends into the

northern regions of the Chihuahuan Desert and the Great Basin lineage confined to the

Great Basin and portions of the Sonoran Desert (Fontanella et al., 2008).  Although the

sampling is sparse, the Mexican lineage appears to be associated with the grassland

habitats of central Mexico extending from Michoacan to Guanjuato. Although the

make–up of the biogeographic provinces throughout Mexico differs between studies

(Aranda, Escobedo & Pozo, 1997; Morrone et al., 2002; Zink, 2002), this region of

central Mexico is considered an endemic area associated with the northern region of the

Transmexican Volcanic Belt zone (Marshall et al., 2000; Morrone et al., 2002).

Expanded lineage distributions across the US

Thorough sampling of mtDNA lineages that do not to conform to major

geographic barriers is important for determining not only the extent of these lineages but

also the location and breadth of contact zones. Along the eastern coast of the United

States, the boundary between the low–lying mixed forests of the Atlantic Coastal Plain
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and the more geologically complex Piedmont Plateau is demarcated by the Fall Line.

This transition zone serves as the boundary between species in the alluvial valleys

associated with the Coastal Plain and those in the Appalachian Highlands (Shankman &

Hart, 2007; Beamer & Lamb, 2008).  The addition of samples throughout these regions

further defines the range of the Northeast, Mid–Atlantic and Cumberland lineages and

identifies additional regions of secondary contact. Individuals collected from the Blue

Ridge Mountains north of the French Broad River and within the western portion of the

Piedmont share mtDNA haplotypes with individuals from the Northeast lineage.

However, sampling along the Fall Line in central North Carolina and the transition zone

between the foothills of the Blue Ridge Mountains and the Piedmont Plateau in western

North Carolina suggest regions of parapatry or narrow contact zones between the

Northeast and Mid–Atlantic lineages and the Cumberland and Northeast lineages,

respectively (Fig. 25).  Similarly, the additional sampling throughout the central United

States suggests broad areas of contact between the Western Louisiana, North Texas and

Great Plains lineages throughout Oklahoma.  Contact zones across Oklahoma have been

found for several vertebrates including pocket gophers (Geomys bursarius) (Cothran &

Zimmerman, 1985) the white–footed mouse (Peromyscus leocopus) (Stangl, 1986) and

the northern leopard frog (Lithobates pipiens) complex (Hillis, 1981).   The haplotypes

distributed throughout central Kansas south of the Arkansas River are nested within the

Western Louisiana lineage, suggesting a range throughout the savannah and mixed grass

plains of Oklahoma. The habitat shift from tall to short grass prairie may limit dispersal

of the North Texas and Western Louisiana lineages across Kansas. The Arkansas River

appears to isolate these two lineages from the Great Plains lineage further north.  The
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distribution of Great Plains haplotypes throughout eastern Oklahoma and Arkansas may

be due to repeated shifts in the Arkansas River basin followed by range expansion.

Conservation and Taxonomic Implications

 In determining conservational units, subspecies are often treated as evolutionarily

independent units.  However, molecular studies rarely infer phylogeographic patterns that

are consistent with subspecies designations (Burbrink, Lawson & Slowinski, 2000;

Fontanella et al. 2008). Moreover, lineages that are consistently disjunct under one data

source (e.g., mtDNA) may prove to be less so when other (e.g., nuclear DNA) data are

brought to bear.  Yet, it is these unnamed disjunct units or lineages that should be

considered when guiding conservation efforts and identifying genetic diversity, not the

named subspecies.  If the purpose of defining evolutionarily significant units (ESU’s) is

to recognize the evolutionary heritage and maintain the evolutionary potential of

populations (Moritz, 1994), then the results of this study provide vital information about

the historical population structure of D. punctatus.

Throughout most of its range D. punctatus is considered common and listed as

secure or apparently secure for most states by NatureServe.  Classifications that

misrepresent the abundance and genetic diversity within species will have adverse effects

on the assessments of species diversity, endemic species and the risk levels to those

species.  Examples include lineages in California and Louisiana.  California ranks first

for species diversity and endemic species and is second in species at–risk.  The recovery

of three genetically distinct lineages suggests that the six recognized subspecies

over–represent the diversity of this snake throughout California.  Conversely, the one
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recognized subspecies throughout Louisiana under–represents the lineage diversity

inferred from these data.  Based on these findings the status of D. punctatus should be

re–evaluated on both the national and regional levels.
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CHAPTER 4

Development and characterization of 14 polymorphic microsatellite loci in the ringneck

snake Diadophis punctatus (Colubridae: Dipsadinae)

(Adapted from Fontanella, F.M and Siddall, M. E. 2009b.

Development and characterization of 14 polymorphic microsatellite loci in the ringneck

snake Diadophis punctatus (Colubridae: Dipsadinae)

Conservation Genetics (in press)

Text extracts reproduced by permission from the Publisher
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INTRODUCTION

The ringneck snake, Diadophis punctatus, has one of the largest geographic

distributions of any species of snake in North America. Ranging from central Mexico to

southern Canada (excluding the northern Great Plains states), this snake exploits a variety

of habitats and ecological niches ranging from northeastern mixed hardwood forests to

the desert grasslands of the southwestern US and central Mexico (Stebbins 1985). In

certain portions of their range, populations of D. punctatus have experienced a severe

decline in recent decades due to anthropogenic pressure and habitat fragmentation (Fitch

2008; USDA Forest Service).  Analyses of mtDNA sequence data (cytochrome b and a

portion of NADH 4) inferred 16 lineages across the range, several of which were not

isolated by geographic barriers resulting in multiple areas of secondary contact

(Fontanella et al. 2008; Fontanella and Siddall 2009).  The use of mtDNA sequence data

routinely has been used to determine species boundaries (Hewitt 2001), however the

usefulness of mitochondrial data in determining species boundaries is not universally

agreed upon due to its maternal and non-recombining mode of inheritance (Davis 1996).

Microsatellites are abundant bi-parentally inherited loci that show high levels of

polymorphisms (Jarne and Lagoda 1996).  These markers facilitate rapid screening of

multiple nuclear loci to determine species boundaries and examine gene flow between

species (Fu and Zeng 2008).

We developed the first microsatellite library for D. punctatus by following and

adapting the protocol written by Dr Travis Glenn at the University of Georgia.  Because

of the broad range and extensive lineage diversity within D. punctatus, DNA was isolated

from one individual for each of the four major mtDNA clades (Fontanella et al 2008)
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using the DNeasy Animal Tissue Kit (QIAGEN).  Muscle tissue from the caudal region

or shed skins was used to prevent contamination from potential liver parasites.  Pooled

genomic DNA was digested with RsaI, ligated to an SNX linker and hybridized to a

mixture of di- and tri- nucleotide biotinylated probes (i.e. GT, CAC, CTC and CAG).

After hybridization to the repeat probes, the linker-ligated DNA was bound to

streptavidin-coated (biotin-attracting) Dynabeads! (Dynal Biotech) and collected using a

magnet.  Repeat-enriched DNA was rendered double stranded and amplified in a

polymerase chain reaction (PCR) using the forward SNX linker as a primer.

Amplification was verified on a 2.5% agarose electrophoresis gel.  Microsatellite rich

fragments then were cloned using the Topo TA cloning kit (Invitrogen), transformed into

Escherichia coli OneShot cells and grown on ampicillin selective plates. Individual

colonies were sequenced directly using 0.5 µl of M13 and T7 primers (10X) and 3 µl of

BigDye on an ABI 3700 XL automated sequencer.

Eighty-four clones with microsatellite regions of sufficient length (> 5 repeats)

and with substantial flanking regions were identified with SEQUENCHER 4.7 (Gene

Codes, Corp.).  Di-, tri-, and tetranucleotide repeats were the most common but larger

repeats, including a heptamer, were observed. TROLL (Castelo et al. 2002) was used to

design  PCR primers in the flanking regions with priming sites approximately 30-150 bp

away from each microsatellite repeat. A total of 14 primer pairs (Table 1) were selected

from 30 primer pairs.  Rather than use each forward primer with a fluorescent label, we

adapted the M13-tailed microsatellite protocol of Boutin-Ganache et al. (2001) where

each forward primer is 5’ augmented with an M13 forward sequence

(CACGACGTTGTAAAACGAC).  This tailed primer was then used in combination with
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a 6-FAM fluorescently labeled M13 primer.  Thus, amplification reactions contained

three primers: a forward M13 fluorescent primer, 5’-augmented microsatellite forward

primer and an unmodified microsatellite reverse primer.  Reactions consisted of 1 µL of

DNA, 0.025 µL of the 10µM forward M13 tailed primer, 0.25 µL of the 10µM reverse

primer, 0.45 µL of 10µM reverse primer, 1.25 µL of MgCl2, 1.25 µL of PCR Buffer II

(Perkin Elmer), 0.2 µL of a 10 µM dNTP mixture, 0.1 µL of taq and 8 µL of water for a

total volume of 12.5 µL.  The thermal profile was 94 °C for 2 min followed by 25 cycles

of 94 °C for 30s, the primer specific annealing temperature (Table 1) for 30s and 68 °C

for 30s, followed by a 3 min extension at 68°C.

Depending on the overall strength of the amplification reaction, PCR products

were diluted 1:10 or 1:30 with water into a single plate for genotyping.  One microliter of

the bulk PCR dilution was added to a plate containing 0.09 µL of the GeneScan 500 LIZ

genotyping standard and 9.91 µL of HiDi Formamide (Applied Biosystems).  Reactions

were genotyped on an ABI 3730XL automated sequencer and preliminarily scored using

GENMAPPER 3.7 (Applied Biosystems).  Final scoring of microsatellite alleles was

verified by eye for each sample.

Variability of these 14 loci was assessed using 34 individuals from the Peninsular

Florida and Southeastern Louisiana populations.  Conditions and characteristics of the 14

polymorphic loci are given in Table 6. Population genetic parameters were estimated in

Genepop version 3.4 (Raymond and Rousset 1995).  The number of alleles per locus

ranged from 5 to 29 (Table 1).  The observed heterozygosity ranged from 0.452 to 0.889

and the expected heterozygosity ranged from 0.816 to 0.962.  Seven loci (Dp 29, E5, C4

Dp 26, Dp19, H1 and C9) significantly deviated from Hardy-Weinberg equilibrium after
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Bonferroni correction (P < 0.0004).  This is likely due to a Wahlund effect and may

represent additional population structure.  No significant linkage association was found

among the loci.  The microsatellite loci developed here provide a powerful tool for

determining species boundaries in the ringneck snake, analyzing intraspecific phenomena

related to genetic sub-structuring of populations and determining the conservation status

of imperiled populations.



142



143

CHAPTER 5

Delimiting species boundaries in the genus Diadophis across Eastern North America



144

INTRODUCTION

Mechanisms that prevent populations from merging or that act to further isolate

populations will undoubtedly contribute to the maintenance of biological diversity. These

mechanisms can include geographical, environmental and genetic factors that result in the

cessation of gene flow through some level of isolation eventually resulting in the

accumulation of biodiversity.  These processes often are tested in phylogeographic

studies, which seek to uncover the historical process responsible for the contemporary

geographical distribution of genealogical lineages.  Usually, the patterns of gene flow

from gene genealogies seems straightforward where there is a sharp geographic boundary

between two widely distributed clades (Upton and Murphy 1997; Patton and de Silva

1998; Riddle et al 2000).  In these instances, researchers assume that the genetic breaks

result from geographic barriers to gene flow between species or cryptic species

boundaries.  These patterns are prominent in the eastern United States, where several

recurrent phylogeographic breaks have emerged associated with the Appalachian

Mountains, the Apalachicola River and the Mississippi River (Soltis et al 2006).  These

patterns occur both in plant and animal species and provides support for the

phylogeographic generalizations attributable to isolation and differentiation.

In the absence of obvious geographic barriers, vicariance can be caused by rapid

changes to the environmental conditions in a species range.  When these changes occur

faster than individuals’ ability to adapt, the species ancestral range becomes fragmented

(Weins 2004).  As populations track their ancestral conditions, dispersal becomes limited

between populations by the intervening unsuitable habitat resulting in a cessation of gene

flow (Kozak and Weins 2006; Rissler and Apodaca 2007).
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In the absence of either physical or ecological barriers, genetic barriers can arise

due to hybridization and introgression.  Hybridization typically refers to the interbreeding

of two closely related species, suggesting that there is some type of inter-specific barrier

that keep the taxa on diverging, independent evolutionary pathways (Harrison 1990;

Arnold 1997). When hybridization continues over several generations it can result in the

formation of a hybrid zone, a geographic region where steep character clines between

otherwise homogenous populations form (Harrison 1993). In this context, the dynamic

aspect of hybridization events is termed introgression, which refers to the movement of

genes mediated by backcrossing between two species (Avise 2004).

Hybridization historically has been viewed as rare among animals, however we

now know that hybridization is relatively wide-spread and in some instances has resulted

in the origin of new species (Dowling and Secor 1997; Seehausen 2004; Mavarez et al.

2006).  Hybrids are usually rare on an individual basis, but species undergoing occasional

inter-specific hybridization are common.  Existing surveys suggest that approximately

10% of animal species are known to hybridize with at least one other species (Mallet

2005).  However, hybridization between species does not guarantee that genes will pass

between species because hybrids are typically selected against.  While there are

numerous descriptions on the development and maintenance of hybrid zones, they can be

classified under two broad based models.  The geographical-selection-gradient model

assumes that two closely related species are adapted to a different environment in

allopatry and produce a zone of secondary contact following range expansion. This

contact results in a hybrid zone formed through exogenous selection, involving

adaptations to distinct environmental conditions by the two taxa (Endler 1977; Moore and
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Price 1993). These zones are not necessarily stable, with the position, width, and

maintenance being determined by the environmental conditions.  In the second model,

hybrid zones can form in parapatry or as the result of secondary contact, however the

zone is not associated with an environmental gradient instead being maintained by

endogenous selection (internal genetic incompatibilities).  Barton and Hewitt (1985)

termed this a “tension zone” because of the two opposing forces, dispersal of parental

species towards the hybrid zones and selection against hybrids.  Under both models, if the

fitness of the hybrids is lower than both parental species, selection will work to either

strengthen or maintain the reproductive isolating mechanisms.

 Species boundaries and patterns of speciation have routinely been determined

using mitochondrial data due largely to the reduced effective population size and short

coalescence time compared to most nuclear genes. Held (2003) argued that species could

be identified solely on mtDNA data if the population displayed certain characteristics

such as a bimodal distribution of pairwise differences and high levels of genetic

differentiation in areas of sympatry.  However, the usefulness of mtDNA data for

determining species boundaries is not universally accepted.  Several have argued against

the use of mtDNA haplotypes data because a non-recombining mode of inheritance

always results in a bifurcating tree of ancestor-descendent relationships (e.g. Davis 1996).

In some cases, these patterns have been found below the species level when there is

strong geographical population structure, resulting in what appears to be several species

throughout a range when in fact they are part of one species with extensive male-

mediated gene flow (Irwin 2001; Roberts et al 2004). This phenomenon is likely

intensified in species with limited dispersal capabilities.  Additionally, the maternal
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inheritance and lack of recombination complicate the determination of hybridizing taxa

and the amount of gene flow between species.

Microsatellites are popular markers for the study of gene flow and species

delimitation because of their biparental inheritance and, unlike nuclear genes

microsatellites have high levels of polymorphism (Jarne and Lagoda 1996).

Microsatellites provide an easy way to screen multiple nuclear loci for variation between

and within species.  However, analysis of microsatellite data can be challenged by their

complex mutation process (Palsboll et al 1999; Rubinsztein et al 1999), by the difficulty

to distinguish identical-by-descent from identical-by-state alleles (Estoup et al 2002) and

by their typically high mutation rates that may lead to problems of among-population

differentiation (Hedrick 1999).  Despite these concerns, the importance of assessing the

congruence among genetic markers has been widely discussed (e.g. Avise 2000).  New

data sets can lead to independent corroboration (or rejection) of previously established

hypothesis, and combined analysis of multiple loci can reduce the variance in the

estimated parameters that is due to random effects of sampling and lineage sorting (e.g

Takahata 1989; Hudson 1990).  Also, contrasting results across markers, especially when

those markers have distinct modes of inheritance, such as microsatellites and mtDNA,

may provide new insights that could not be obtained with either type of data alone

(Prugnolle and Meeus 2002).

Species that display phylogeographic breaks in the absence of obvious physical

barriers or that display multiple secondary contact zones provide a unique opportunity to

test the effects of the ecological factors and hybrid zones on speciation. The ringneck

snake, Diadophis punctatus, has one of the largest geographic distributions of any species
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of snake in North America. Ranging from central Mexico to southern Canada (excluding

the northern Great Plains states), this snake exploits a variety of habitats and ecological

niches ranging from northeastern mixed hardwood forests to the desert grasslands of the

Southwestern US and Central Mexico (Stebbins 1985).  Previous molecular studies using

mtDNA inferred 16 well-defined lineages, several of which traverse previously identified

genetic barriers for terrestrial vertebrates including the Appalachian Mountains, and the

Mississippi and Apalachicola Rivers. These lineages appear to be confined to specific

habitats (floodplains, grasslands, montane environments) resulting in several instances of

secondary contact some of which appear to be associated with ecologic and

physiographic transition zones.  The vast majority of the genetic diversity and evidence

of contact zones for these snakes occurs in the eastern United States.  The southeastern

United States is a geologically and topographically complex area characterized by

extensive biodiversity.

Given the patterns of genetic diversity, we use 10 well-defined mtDNA lineages

in the eastern United States (Fig. 26) to examine species boundaries in the ringneck snake

Diadophis punctatus using species distribution modeling and novel microsatellite loci.

We first determine the fundamental niche of each mtDNA lineage and assess whether

these lineages are currently isolated by environmental factors.  Using these methods, if

the species distribution model closely matches the geographic range of a lineage, then the

range is considered to a result of environmental factors.  Conversely, if the predicted

model extends well beyond the geographic range of the lineage, then factors other than

environmental tolerances (such as competition) could be setting the range limit (Smith et

al. 2005). We then use 10 novel microsatellite loci (Fontanella and Siddall 2009b) to
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FIGURE. 26 Distribution of the 10-mtDNA lineages used in this study from Fontanella

and Siddall (2009).
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examine gene flow across putative genetic barriers.  If lineages are not isolated by niche,

we examine if areas of niche parapatry are acting as corridors for gene flow between

lineages or if these areas coincide with hybrid zones.

MATERIALS AND METHODS

Ecological Niche Modeling

Ecological niche models for the eastern mtDNA lineages of D. punctatus were

created using MAXENT version 3.0 (Phillips et al 2006).  MAXENT creates species

distributional models by combining presence only data with ecological layers under a

statistical framework known as maximum entropy.  This approach estimates a species’

potential distribution by finding a probability distribution that is based on a distribution

of maximum entropy. This method is equivalent to finding the maximum-likelihood

distribution of a species based on the available information (Phillips et al 2004).

MAXENT has been shown to perform better than other established methods (Phillips et

al. 2004; 2006).

MAXENT analyses were run using point locality information from contemporary

specimens, from natural history museum collections and the climatic layers downloaded

from the WorldClim database with a 1 km resolution (Hijmans et al 2005).  These

variables represent summaries of means and variation in temperature and precipitation,

and characterize the dimensions of climate considered particularly relevant in

determining species distributions.  Museum samples were assigned to a particular lineage

if they placed inside the known range of an mtDNA lineage distribution.  Samples that

fell outside the currently know ranges were omitted.  We recognize that the omission of

these samples may bias the range estimation for lineages.  We used the default
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convergence threshold (10–5) and maximum number of iterations (3000) values, using

10% of localities for model testing.  Because phylogeographic breaks can form within a

continuously distributed species even when there are no barriers to gene flow (Irwin

2002), background sampling points (100,000) were drawn from across the range of the

genus Diadophis in the conterminous United States.  We let the program select both

suitable regularization values and functions of environmental variables automatically,

which it achieves based on considerations of sample size.  MAXENT outputs a

continuous probability value, ranging from 0 to 1, an indicator of relative suitability for

the species, based on the principle of maximum entropy, as constrained by the occurrence

data.  The predicted potential distribution for each lineage was displayed as a single

category using the minimum training presence.  We re-classed the MAXENT output files

into binary partitions based on the LPT and used the overlay function in DIVA-GIS

(Hijmans et al. 2001) to determine the size and shape of overlapping areas of suitable

habitat between neighboring mtDNA lineages.

Molecular Methods

Sampling

 We expanded our sampling from the previous studies, here examining a 325

specimens of D. punctatus collected from 10 previously described mtDNA lineages

(Fontanella and Siddall 2009). Sampling within lineages ranged from 12 to 117

individuals.  Sampling strategies focused on obtaining individuals near proposed

secondary contact zones, however in several regions natural rarity limited our sample

size.  Tissues, consisting either of tail clips, liver or muscle tissue or shed skins were
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stored in either 95% EtOH or a DNA storage buffer (4 M NaCl, 0.25 M EDTA ph 8.0,

DMSO 20%).

Microsatellite Genotyping

Genomic DNA was isolated using the Dneasy Tissue Kit (QIAGEN). We selected

ten microsatellite primers specifically designed for D. punctatus from Fontanella and

Siddall 2009b). Each forward primer was augmented on the 5’ end with an M13 forward

sequence (CACGACGTTGTAAACGAC). This modified primer was then used in

combination with the 5’ FAM fluorescently labeled forward M13 primer in subsequent

amplification reactions.  Thus final PCR reactions consisted of 1 µL of DNA, 0.25 µL of

unmodified reverse primer (10X), 0.025 µL of M13 tailed forward primer (10X), 0.45 µL

of 6-FAM (Geneworks) fluorescently labeled M13 primer (10X), 1.25 µL of PCR Buffer,

1.25 µL of 25 mM MgCl2, 0.2 µL of 10mM dNTP mixture, 0.1 µL of Taq and 8.0 µL of

water for a total volume of 12.5 µL.  The thermal profile was 95 oC for 2 min followed by

30 cycles of 94 oC for 30 s, the primer-specific annealing temperature and time (Table X),

and 68 oC for 30 s followed by a 4 min extension.

Depending on the overall strength of the amplification reaction, PCR reactions

were diluted 1:10 or 1:30 with water into a single plate for genotyping.  One microliter of

the bulk PCR dilution was added to a plate containing 0.09 µL of the GeneScan 500 LIZ

genotyping standard and 9.91 µL of HiDi Formamide (Applied Biosystems).  Reactions

were genotyped on an ABI 3730XL automated sequencer and automatically scored using

GENOTYPER 3.7 (Applied Biosystems).  Scoring of microsatellite alleles was verified

by eye for each sample. MICRO-CHECKER software (Oosterbout et al. 2004) was used
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to assess the presence of genotyping errors, such as non-amplified alleles, short allele

dominance, and scoring of stutter peaks.

Microsatellite Loci Analysis

For each microsatellite locus, we calculated the total number of alleles, the range

of allele sizes, total genetic diversity, and the number of private alleles to assess overall

polymorphisms. Tests for departure from Hardy-Weinberg equilibrium and linkage

disequilibrium were conducted using exact tests (Guo and Thompson 1992) with

sequential Bonferroni corrections for multiple tests as implemented in FSTAT version

2.9.3.2 (Goudet 2001).

Geographical trends in the distribution of genetic diversity were investigated with

Bayesian methods to infer population structure (Pritchard et al. 2000).  Under these

methods, the multilocus genotype data X are considered to be random draws from a

parametric model, which describes their organization into clusters.  The joint probability

distribution P(X,!) is determined over the data X, the model parameters and the missing

data !.  The JPD consists of the prior distribution P(!), which allows for prior

information such as the geographical location of samples to be incorporated and the

likelihood P(X"!).  The posterior distribution P(!"X) of the model, conditional on the

data, is then determined and used to infer model parameters such as the joint estimation

of cluster membership and allele frequencies for the different clusters.  Because !

consists of several multidimensional variables, computing P(!"X) is usually not possible

Therefore we generated an approximate sample of P(!"X) using a Markov chain Monte

Carlo simulation approach.  The methods of Prichard et al. (2000) require multilocus

genotype from unlinked genetic markers.  In order to verify independence of our
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microsatellite loci, we tested for linkage disequilibrium for all pairs of loci in each

sampled using exact tests (Guo and Thompson 1992) with sequential Bonferroni

corrections for multiple tests as implemented in GENEPOP version 4.0.7 (Raymond &

Rousset 1995).

The model based clustering method in the program STRUCTURE (Pritchard et al

2000) probabilistically assigns individual multilocus genotypes to a user defined number

of K clusters while maximizing linkage equilibrium within clusters.  Because we were

interested in assessing potential gene flow between lineages and not population

structuring within lineages, we fixed K=10 based on the number of inferred mtDNA

lineages (Fontanella and Siddall 2009).  Three separate analyses were run for 36 iterations

after burin in period of 1.56 without using any prior information on the population of

origin for each individual.  Because we were interested in examining potential gene flow

between lineages, we used the admixture model with correlated allele frequencies.  These

parameters allow for the determination of hybrids by estimating the fraction of ancestry

for each individual from each cluster. 

RESULTS

Ecological Niche Modeling

Most of the niche models (7 out of 10) showed predictions that extended well beyond the

known range of the mtDNA distributions, with exceptions for the Southeastern Louisiana

(SELA), Peninsular Florida and Mid-Atlantic lineages (Fig. 27).  The latter predictions

suggest that these distributions may be maintained by climatic gradients. However in all

cases, the climatic niche models show that borders of the predicted ranges for

neighboring lineages appear to be broadly suitable for both lineages. These predictions
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suggest additional contact zones not inferred based on the mtDNA data due to limited

sampling.  Additionally, climatic models show suitable habitat along multiple borders for

lineages that are not isolated by a physical barrier. These overlapping patterns suggest

that the range limits of these lineages are set by factors other than climatic tolerances,

such as inter-lineages interactions or possible hybrid zones.  Overlaying the predictions

of all ten lineages depicts that the central portion of the eastern United States as a large

area of suitable habitat for several mtDNA lineages (Fig. 27), which may facilitate gene

flow between lineages.  Individuals moving into the range of the other species are more

likely to mate with the other species than their own, simply because heterospecifics are

much more common.  If the offspring of hybrid matings are viable and fertile, they can

breed successfully and thereby generate gene flow between the two species.
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FIGURE. 27.  Predicted geographic distribution lineage based on ecological niche

modeling for the A) Cumberland lineage, B) Western Kentucky lineage, C) Piedmont

lineage, D) Peninsular Florida
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FIGURE. 27 continued.  Predicted geographic distribution lineage based on ecological

niche modeling for the E) Northeast lineage, F) Southeast Louisiana lineage, G) Western

Louisiana lineage, H) Mid-Atlantic lineage.



160

E F

G H



161

FIGURE. 27 continued.  Predicted geographic distribution based on ecological niche

modeling for the  I) Mississippi River Valley lineage and J) Great Plains lineage.
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FIGURE. 27.  Map of all ten species distribution models from MAXENT.   Colors

correspond to lineages in Fig. 26.  Areas of overlapping niche space between lineages are

shaded in grey.
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Microsatellite Analyses

Null alleles were detected for loci C4, H2 and Dp 26 in the Piedmont lineage. In

each case, re-amplification under less stringent reaction conditions did not produce any

readable genotype. One locus (E5), had fixed allele sizes within the Peninsular Florida

and Great Plains lineages. Significant deviations from Hardy-Weinberg Equilibrium

(HWE) were detected for all loci following a sequential Bonferroni correction. Deviation

from HWE can be caused by several factors including null alleles (Dankin and Avise

2004), which were present in the Piedmont lineage, inbreeding or population sub-

structuring (Wahlund effect). Analysis of population level structure within each lineage

using STRUCTURE suggested that each lineage is comprised of at least four sub-

populations (data not shown).

Levels of expected heterozygosity for ten microsatellite loci ranged from 0.42 to

1.0 in the ten lineages.  The total number of alleles at each locus was high (64-120) and

each lineage contained 0-24 alleles/locus (Table 7).  Lineage level and global tests of

linkage disequilibrium based on genotype frequencies failed to detect any instances of

significant linkage among the ten microsatellite markers, supporting locus independence.

Mean expected heterozygosity computed over all lineages was considerably high

(0.766).  Exact tests of allele frequencies showed significant differences between all

lineage pairs (Fisher’s exact test, P < 0.05) both at individual loci and over all loci

combined. The global FST value of 0.147 (P < 0.05) depicts significant differentiation

between lineages as a whole.  Pairwise FST comparisons ranged from 0.007 to 0.29.

Comparisons between lineages were significantly different following Bonferroni

corrections (P < 0.05) with the exception of the Mississippi River Valley, which was not
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significantly different from any lineage and comparisons between Southeastern Louisiana

and West Louisiana (Table 8).

The STRUCTURE analyses of the 10-microsatellite loci depicted varying levels

of gene flow and hybridization between the mtDNA lineages (Fig 28).  The Peninsular

Florida, Great Plains, and Piedmont lineages did not show evidence of introgression with

any of the other mtDNA lineages.  The individuals in each of these lineages had values of

Q > 90. In the SELA lineage 66% of the individuals had values of Q > 90.  The

remaining 34% showed shared alleles with the Mississippi River Valley and Western

Louisiana lineages.  In the Mid-Atlantic lineage 38% of the individuals had values of

Q>90, while the remaining 62% showed shared ancestry with either the Piedmont lineage

or the Peninsular Florida lineage.  With the exception of one individual, which showed

shared ancestry with the Mid-Atlantic lineage, all individuals from the Cumberland

lineage showed Q > 90.  In the Northeast lineage 87% of all individuals had Q > 90, with

the remaining 13% having shared ancestry with the Cumberland, Western Kentucky or

Mid-Atlantic lineages.  The Western Louisiana lineage had two individuals that showed

putative hybridization with the SELA lineage.  The Mississippi River Valley lineage did

not have any individuals that had values of Q > 90, instead every individual showed some

level of hybridization with either the Piedmont, Western Louisiana, or SELA lineage.  Pie

charts showing the proportion of ancestry for all individuals with Q < 90 were mapped

over the geographic range
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Table 7. Expected (HE) and observed (HO) heterozygosities, total number of alleles (AN),

average number of private alleles (AP), for ten mtDNA lineages of D. punctatus at ten

microsatellite loci.

Lineage 19 H1 25 E4 26 H2 17 E5 C6 C4 Ave

SELA HO 0.75 0.69 0.85 0.79 0.73 0.77 0.71 0.84 0.81 0.88 0.78

HE 0.91 0.92 0.94 0.91 0.88 0.89 0.96 0.90 0.94 0.96 0.92

NA 16 18 21 14 13 17 23 13 20 20 21.6

AP 2.66

Piedmont HO 0.56 0.71 0.48 0.81 0 0 0.77 0.89 0.81 0 0.72

HE 0.97 0.93 0.94 0.96 0 0 0.99 0.93 0.90 0 0.95

NA 16 12 17 14 0 0 19 10 12 0 14.2

AP NA

Pen FL HO 0.66 0.81 0.72 0.55 0.63 0.59 0.66 1 0.84 0.51 0.70

HE 0.78 0.91 0.82 0.81 0.70 0.82 0.97 1 0.90 0.72 0.84

NA 9 13 10 11 5 9 15 1 12 4 8.9

AP 2.20

Mid-Atl HO 0.67 0.55 0.48 0.66 0.45 0.49 0.72 0.68 0.61 0.47 0.58

HE 0.82 0.76 0.76 0.88 0.71 0.85 0.83 0.75 0.65 0.78 0.78

NA 9 10 5 9 5 7 11 6 9 5 7.6

AP 1.92

Cumberland HO 0.77 0.88 0.56 0.66 0.47 0.71 0.70 0.74 0.62 0.71 0.68

HE 0.92 0.95 0.67 0.78 0.87 0.76 0.83 0.82 0.87 0.79 0.83

NA 11 10 6 6 7 6 8 7 7 8 7.6

AP 2.02

Northeast HO 0.45 0.34 0.56 0.44 0.48 0.45 0.55 0.62 0.68 0.81 0.54

HE 0.95 0.92 0.93 0.90 0.91 0.66 0.91 0.81 0.92 0.90 0.88

NA 21 24 22 18 17 12 13 8 15 12 16.2

AP 2.72

WKY HO 0.71 0.79 0.67 0.61 0.59 0.77 0.69 0.78 0.72 0.33 0.66

HE 0.94 0.89 0.85 0.78 0.79 0.81 0.84 0.92 0.82 0.42 0.81

NA 11 9 9 7 7 6 7 8 7 4 7.5

AP 1.88

MRV HO 0.91 0.80 0.83 0.90 0.89 0.79 0.76 0.77 0.67 0.55 0.79

HE 0.97 0.99 0.92 0.92 0.99 0.89 0.94 0.95 0.98 0.96 0.95

NA 9 10 5 9 5 7 11 6 9 5 7.6

AP 2.00
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Table 7 continued

Lineage 19 H1 25 E4 26 H2 17 E5 C6 C4 Ave

Great Plains HO 0.65 0.53 0.60 0.59 0.67 0.67 0.78 1 0.78 0.71 0.70

HE 0.79 0.71 0.91 0.85 0.73 0.72 0.89 1 0.84 0.81 0.83

NA 8 5 10 6 4 4 8 1 7 7 6.0

AP 2.81

W LA HO 0.66 0.59 0.61 0.71 0.52 0.67 0.44 0.63 0.59 0.61 0.60

HE 0.93 0.96 0.82 0.84 0.80 0.85 0.69 0.92 0.87 0.71 0.84

NA 9 9 5 6 3 5 4 4 5 4 5.4

AP 1.45
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FIGURE. 28.  Phylogenetic tree based on mtDNA sequence data with STRUCTURE

plot as terminal taxa.  Colors in STRUCTURE plot correspond to Fig. 26.
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Discussion

Hybrid Zones and Contemporary Admixture

While the microsatellite data show that these species are not reproductively

isolated, for the most part, the hybrid individuals appear to be confined to narrow regions

along the secondary contact zones between lineages (Fig. 29). The absence any putative

hybrids beyond the contact zones indicate that areas of niche parapatry are not acting as

corridors for gene flow or dispersal between species. In most instances, the width of the

hybrid zone is narrower than the area of niche parapatry, implying that these represent

tension zones maintained by a balance between dispersal and selection against hybrids

and not an adaptation to environment (Barton and Hewitt 1985).  In tension zones,

hybrids are typically less fit because their new combinations of alleles are untested by

selection (Barton 2001).  Hybridization therefore imposes a genetic load on populations

in the zone through gene-gene interactions in addition to the gene-environment migration

loads associated with environmental margins.  Both types of load will lead to a reduced

fitness and population density, thereby reducing the chance that locally beneficial alleles

will arise within the zone. The decreased fitness, often in the form of hybrid sterility,

forms a barrier to gene flow by forming a hybrid sink, stopping the movement of alleles

across the zone and into the parental populations.  While the patterns inferred by the

current data are consistent with the predictions of isolation by tension zones, extensive

sampling will be needed in order to further test these hypotheses.

The inference of contemporary gene flow between the Southeastern Louisiana and

Mississippi River Valley lineage is disconcerting.  Contrary to the patterns described

above for other species of Diadophis, hybrid individuals are distributed throughout both
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geographic ranges, evidence of gene flow or dispersal beyond a tension zone or hybrid

barrier (Fig. 29).  While evidence of contemporary gene flow between sister lineages is

becoming more evident (Shaw 2002; Kembert 2008), the appearance of shared alleles

between distantly related lineages is rare and may have several explanations.  The

simplest explanation for the appearance of gene flow between distantly related lineages

could be attributed to homoplasy.  Because of the rapid evolutionary pace of

microsatellites and the underlying nature of their mutational processes, alleles that are

identical in size (state) are not necessarily identical by descent (Estoup et al 2002).

Therefore, the presence of similar allele sizes in distantly related species could be due to

convergence and not contemporary gene flow.  In this the case however, homoplasy

could then be used to explain every instance of putative gene flow between lineages,

regardless of their time since divergence.  If the mtDNA lineages are ”valid” species,

these data suggest that the process of divergence that ultimately results in reproductively

isolated species can be prolonged.  The fact that genomes can remain open to gene flow

long after the speciation process is initiated greatly expands the novelty that can be

generated from introgression.  Based on these data, some portion of the genetic diversity

in Diadophis has likely arisen from introgressive hybridization.  If hybridization is

maintained between distantly related species, introgression has the potential to provide

the plethora of genetic variation required to drive species radiations (Arias et al 2008).

For many organisms, introgression may allow for the continued exchange of genetic

material necessary for adaptive change.
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FIGURE. 29. Map with pie charts showing estimated proportion of ancestry from

STRUCTURE plots showing individuals with values of Q < 90.  Pie chart colors

correspond to Fig. 26.
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CONCLUSIONS

For the purposes of species delineation, we demonstrate that DNA sequence data,

particularly those derived from the mitochondria, can provide initial indications of

species, but are insufficient if used alone.  Evidence for the restricted gene flow between

the lineages based on morphology, ecology, behavior or independent molecular data are

necessary. Although species distribution modeling does not show isolation due to

unsuitable habitat, the microsatellite data suggest that most species boundaries are

maintained through hybrid zones. Despite limited sampling, these zones appear to be

contained to contact zones and maintained by a balance of dispersal and selection as

opposed to ecological factors.  In most cases, “pure” individuals were present in the area

of niche parapatry but beyond the putative hybrid zone.  The microsatellite data also

suggest extensive gene flow and dispersal between two distantly related, geographically

neighboring mtDNA lineages.  While further study is needed in this region, given the

amount of contemporary gene flow, these mtDNA lineages would not be considered

“species” under any current species concept.  The use of mtDNA alone has been

cautioned against because the evolutionary rates of various genes are vastly different;

some genes may reach coalescence within populations while others may remain non-

coalescent even at the species level.  The relative short coalescent times of mitochondrial

genes provide an excellent starting point for species delimitation.  However, maternal

inheritance, potential male biased dispersal and the bifurcating nature of trees can

obfuscate patterns of continued gene flow between mtDNA lineages, as well as the

existence and position of hybrid zones.
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Frequency data from multiple nuclear gene loci, particularly microsatellites or

single nucleotide polymorphisms, provide a better source of data for inferring gene flow

between proposed species groups and across proposed genetic barriers.  If it is generally

true that closely related species are often permeable to introgression, the nature of such

species, their ecology, causes of speciation (Arnold 1997; Machado 2002), phylogeny

reconstruction (Kliman 2000) as well as conservation issues concerning hybridizing

populations (Allendorf 2001) all require re-evaluation.  In particular, phylogenetic

reconstruction and diagnostic tests for species status employing single genes must be

used with great caution (Schluter 2000; Seehausen 2003; Verheyen et al. 2003).
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CHAPTER 6

Summary
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This study has provided the first range-wide molecular study and provides a

framework for the origin, evolution and biodiversity in the genus Diadophis. Before the

initiation of this study, our knowledge and understanding of the evolutionary history and

biodiversity within the genus Diadophis was limited to two range-wide morphological

studies (Blanchard 1942; Hibbitts 1994).  These studies suggested that Diadophis

originated in Mexico and diversified north along the Mexican Plateau into North

America. While the two studies differ on the number of species, localized works (Trauth

1996) focusing on morphology found that several of the morphological characters used

by Blanchard (1942) represent clinal variation.  Due to the lack of fixed diagnostic

morphological characters, all taxa were relegated to 13 subspecies of D. punctatus

(Stebbins, 1985; Connant and Collins 1991).

The extensive variation in morphological characters led to the use of molecular

data in the more recent studies (Pinou et al 1995; Feldman 2000refs).  Estimates of amino

acid differences between population samples in the Maryland versus California suggest

that Diadophis may not be monotypic and may contain at least two genetically distinct

species (Pinou et al 1995).  Feldman (2000) examined phylogeographic patterns of

Diadophis throughout California using the mitochondrial gene ND-4.  While some

phylogeographic structure was apparent, there was no geographic division or

morphological characters (Hibbitts, 1994) to support the recognition of subspecies from

California as described by Blanchard (1942).  The results from Feldman (2000) and

Pinou (1995) both suggest that Diadophis does not merely comprise a single species.

In this dissertation, analysis of mtDNA and ancestral area reconstructions

(Chapter 3) inferred an origin for D. punctatus in the southeastern United States followed
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by a southeast to northeast then westward directionality of historical migration. Whereas

morphological studies may have previously (ref) suggested an origin on the Mexican

plateau, the position within the phylogeny and date estimate for the southwestern +

Mexico clade suggests a recent invasion into central Mexico with expansion into the

Nearctic/Neotropic transition zone (Chapter 3).

Molecular dating suggests that the genus Diadophis originated during the late-

Miocene (~6.7 mya), with the extant lineages diverging during the Pleistocene (Chapter

3). These data suggest each lineage arose prior to the last glacial maximum (~18 kya) and

were therefore affected by changing climatic cycles.  With the exception of the

fragmented populations throughout the southwest, demographic analysis suggest post-

glacial expansion for each of the four northernmost lineages. However, the estimates of

time since expansion suggest that factors leading to population growth differed between

regions. In the Eastern and Central U. S., advancing Pleistocene glaciers drove northern

populations into southern refugia promoting intra-specific lineage diversity.  As glaciers

receded, lineages in relatively northern refugia appear to have expanded into previously

glaciated areas, while poor dispersal abilities and possibly competition restricted the

expansion of southern lineages. The general warming trends that led to the recession of

glaciers caused fundamental ecosystem-wide changes across North America .  In

accordance with these changes, demographic patterns suggest that the northern California

lineages expanded with the spread of suitable habitat spread during the Holocene

(Chapter 2).

With respect to the current estimates of diversity, if subspecies described from

morphological or geographic descriptions are to be considered as valid taxonomic
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entities, then the genetic differentiation that underlies this variation should exhibit similar

if not concordant patterns of evolutionary history (Burbrink et. al. 2000; Janzen et. al.

2004).  None of the morphologically based subspecies designations of D. punctatus

evaluated in this study are valid based on the molecular data. With the exception of

California, the geographic range for each subspecies is composed of multiple well-

supported mtDNA lineages.  The phylogeographic patterns uncovered within D.

punctatus and their concordance with putative genetic barriers suggests that the current

single-species taxonomy underestimates the species level diversity and obscures the

biogeographic history of this group.  While many of these lineages appear to be isolated

into different physiographic regions, others span previously identified genetic barriers or

have distributions that result in secondary contact zones (Chapter 2). Such zones are of

particular interest because they can provide important information about the interaction

between lineages, how populations merge or diverge the factors that maintain species

boundaries.

The combination of species distribution modeling and microsatellite loci suggests

that while not reproductively isolated, putative hybrid zones maintain species in the

eastern United States (Chapter 5).  The position and width of these zones within broad

areas of niche parapatry suggests they are likely controlled by a combination of selection

and dispersal.  The presence of shared alleles between the divergent South Eastern

Louisiana and Mississippi River Valley lineages provides a unique opportunity to

examine the effects of historical introgression on species and species boundaries (Chapter

5).
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Although the results from this study have provided of the most extensive

information to date regarding the origin, diversification and genetic diversity of

Diadophis, several questions remain unanswered.  This body of work provides a rich

framework for further study including, examining species boundaries in the western

lineages, determining population structure within species, and detailed examination of

hybrid zones.
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