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PREFACE

H. BRADLEY SHAFFER, ARTHUR (GEORGES,

PHiLLIP Q. SPINks, AND Nancy N. FTtz Smmons
Workshop Organizing Committee

Genetics. Conservation. Genomics. Systematicsgguidance to the next decade of work. This decade will be
Ethics. And of course, turtles. a critical one for turtle conservation—according to the

In 2004, when one of us (HBS) had the privilege tolUCN 2007 Red List, 140 of the 212 species that have
conduct sabbatical research atthe University of Canberragen evaluated are in the highest categories of endanger-
we posed the simple question: where has genetics-basatent (Extinct, Extinct in the Wild, Critically Endan-
research in turtles been, and where is it going in the nexfered, Endangered, or Vulnerable); depending on how
decade? We knew a few important pieces of the answeone does the calculations, that implies that somewhere
and thought we could see glimmers of directions tdetween 66% (140/212) and 44% (140/319) of the world’s
others. With over 40% of the world’s turtle fauna IUCN currently recognized ca. 318pecies of chelonians are
Red-Listed (http://www.iucnredlist.org/), it was clear in very serious trouble. Genetics can help with issues as
that conservation and management was no longer thdiverse as maximizing breeding strategies in captive
purview of those who work on marine turtles and giantassurance colonies, to identifying cryptic diversity, to
tortoises. Rather, the entire community of turtle re-clarifying the phylogenetic prioritization of key taxa.
searchers was aware of the issues, and virtually all turtle  We reasoned that individuals working in isolation
biologists were anxious to work toward effective inter-tend to be fragmented in their approaches, whereas group
national management. It was also clear that the systemtonsensus and collaborative efforts can lead to the most
atics community, which relies so heavily on genetic data&fficient use of limited human and financial resources.
to recognize species and higher taxa, had made soriée also reasoned that it was critically important to
amazing strides forward, including one of the most effecinclude young researchers at the start of their careers,
tive mergers of the professional and “amateur” biologi-seasoned’ professionals (others may refer to us with a
cal communities for any group of organisms. Howeverdifferent label), and individuals from a variety of re-
these and other successes also raised a series of trgkyarch, teaching, government and non-government orga-
thorny issues that the community needed to tackle. Howizations, including a few leaders from groups who do
can evolutionary geneticists contribute to conservatiomot do genetics, but who contribute to the overall genet-
in the most meaningful, and most efficient ways pos-ics research program through their taxonomic or conser-
sible? When non-traditional material, like turtles in pri- vation-oriented work. Our goal was to bring together
vate, living collections, are used to name new speciesesearchers who use genesto learn about turtles, getthem
how does one voucher those species for others to studif?a room for a week, and produce a series of papers that
If museum specimens, including tissue specimens, armummarized our collective thoughts on some of the
the foundation of research ranging from systematics taritical issues in turtle genetics, the current state of the
conservation to evolutionary biology, what are the “besscience, and important future directions. We brought
ethical practices” when most turtle species are long-livedhese turtle genetics experts together also with a small
and threatened in the wild? In the rush of enthusiasm tgroup of turtle-focused individuals who use primarily
bring new genetic tools to bear on traditional problems imon-genetic methods to study and conserve turtles. The
turtle systematics, how should we best cope with thénteractions and exchanges of professional opinions and
taxonomic instability that now exists, where it seems likeperspectives benefited both groups and helped our col-
half of the generic names we used 10 years ago have beleative vision to grow. The papers in this monograph
replaced (is itClemmys marmorata, Actinemys represent the results of that week of brainstorming,
marmorata,or Emys marmoratg For that matter, what followed by months of careful writing, additional out-
are the current names in use, and why do we care so mustile input and participants, peer-review and editing, and
about them anyway? finally, publication in this comprehensive volume.

It was clear to us that the time was ripe for a meeting It takes several elements to make a meeting of 40-
that brought together those members of the researghlus opinionated, passionate researchers work well. The
community who dealt with genetics and turtles to discusgroper venue is critical, and Jim Hanken literally and
these and other issues, and try to bring both clarity anfiguratively opened the doors of the Museum of Com-
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parative Zoology (Harvard University) to our group. Intakes a group of people who are willing to give up a week
hosting the meeting, Jim provided the ideal meetingf their time to meet, brainstorm, argue, and produce a
place—the MCZ is steeped in the best traditions ofinal result. That was the group effort, and it produced
excellence in turtle systematics and evolutionary biolwhat we believe is, atleastin part, a blueprint for the next
ogy, and has state-of-the-art meeting space that alloweatkbcade.

us to meet, break-out, have internet access, and drink

excellent espresso day and night. Having a local hostthat Postscript: On 31 October 2006, it was announced
looks out for the group can transform a meeting from ahat the first full turtle genome project (for the painted
chore to a pleasure. Anders Rhodin opened his home tartle, Chrysemys pictais moving forward (http://

a rowdy group of genetic cheloniophiles, and made sureww.genome.gov/11007951, http://www.genome.gov/
that everyone was comfortable and able to work to theit0002154); the project is now slated for early 2008. The
fullest capacity. It also takes money. The NSF providedjenetics and genomics world continue to move at a
the primary support for our meeting, with critical addi- decidedly non-turtle pace. Our hope is that the papers in
tional funding from the MCZ (Jim Hanken), Chelonian the volume will provide ideas and directions for how to
Research Foundation (Anders Rhodin), and Conservatse these amazing genetic resources to study, under-
tion International (Russ Mittermeier). And of course, itstand, and save the turtles of the world.
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Defining Turtle Diversity:
Proceedings of a Workshop on Genetics, Ethics,
and Taxonomy of Freshwater Turtles and Tortoises

EXECUTIVE SUMMARY

H. BrRADLEY SHAFFER, Nancy N. F1z SmMmons,
ARTHUR GEORGES, AND ANDERS G.J. RHODIN

Genetic data, in combination with strong field studiesyidual paternity analysis to deep phylogenetics to identify-
form one of the cornerstones of evolutionary, conservatioring genes associated with unique phenotypes. Many of these
and population biology. Turtles are particularly well suitednewest tools are just being applied to turtles, and the possi-
to benefit from the insights that genetics can bring to imporbilities for asking and answering new questions are truly
tantmanagementissues. With only 313 currently recognizeastonishing. As new genomic-level resources for turtles
extant species worldwide, turtles are a manageable grolgecome available, it should become both easier and less
from a phylogenetic perspective, such that conservation arekpensive to achieve these new research goals. The avail-
management biologists are able to identify species comability of the first full genomic sequence for a turtle
plexes that will benefit from additional genetic analyses(Chrysemys pictascheduled for delivery in 2008) will be a
Additionally, field studies of threatened and endangeret¢huge boost for this research agenda.
turtles have identified conservation and management ques- The Turtle Taxonomy Working Group (TTWG) fo-
tions needing genetic answers. Given the severe survivalised on the important issues surrounding the scientific
threats facing the world’s turtle and tortoise fauna, it is cleanames that we apply to turtles, what they should represent,
that the research and conservation communities, more thamd their value in scientific communication and conserva-
ever before, need to work together to help identify, manageion biology; in essence, how do we recognize and define
and renew the world’s depleted turtle populations. turtle diversity? Particularly as molecular genetic data have

Freshwater turtles and tortoises have received considdoeen applied to phylogenetic problems, the names that we
able attention from the genetics research community, anapply to monophyletic groups (clades) at the genus level or
several important trends came out of the comprehensiv@gher have become quite unstable in recent years. While
literature analyses by FitzSimmons and Hart, and Engstromany of these taxonomic changes may be positive, too much
et al. First, the vast majority of work to date has been basazhange can lead to instability that is at odds with effective
on mitochondrial (mt) DNA, with input from the nuclear communication and conservation legislation. The TTWG
genome coming from population level analyses ofrecommended a set of “Guidelines for Best Scientific Prac-
microsatellite data and (in the older literature) allozymestices for Revising Taxonomy” that could serve to stabilize
Given the recent work from several groups demonstratintaxonomy by recognizing the role that scientific nomencla-
that mtDNA can be strongly affected by hybridization,ture plays in biology, and the ways that we can use names to
introgression, and incomplete lineage sorting, the genetiesffectively communicate critical biological knowledge.
community needs to continue efforts to develop new nuclear As we have continued to discover and investigate more
DNA tools that will allow testing of phylogenetic, of the world’s turtle populations, and applied increasingly
phylogeographic, and population genetic hypotheses withefined morphologic and genetic characters and criteria for
independent datasets. In addition, taxonomic and geographiecognizing and documenting chelonian diversity, the num-
cal biases exist in the areas of concentration of genetlwer of distinct turtle taxa have grown dramatically. The
research on turtles. In particular, North American turtlesTurtle Taxonomy Working Group, in a separate chapter,
have received most of the research attention to date. Whittocuments this diversity by providing a complete, up-to-
this focus is related to the high concentration of the genetiadate list of all currently recognized extant or recently extinct
research community in North America, most of the criticallyturtle species and subspecies (consisting of 319 species and
important conservation problems are for non-North Ameri-146 additional subspecies, for 465 total turtle taxa), includ-
can taxa. The call by FitzSimmons and Hart for renewedhg a list of over 100 issues in turtle taxonomy that have
research attention in other regions of the world is essentiajther undergone recent taxonomic change or are in dispute
both for filling in basic gaps in our knowledge of turtle or in need of some type of resolution. Of the currently
genetics and to address the most crucial conservation neagsognized modern turtle taxa, 6 species plus 3 additional
faced by worldwide turtle and tortoise populations. subspecies (9 total taxa) have gone extinct since 1500 AD,

McGaugh et al. point out the stunning new tools that aréeaving us currently with 313 living turtle species, 143
becoming available for genetic studies, ranging from indiadditional living subspecies, and 456 living turtle taxa.
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Assembling a complete phylogenetic tree for all specieand need to be addressed by anyone who works on natural
of turtles is a critical goal, and Iverson et al. summarize thpopulations. A related theme explored by Lehn et al. is the
literature to date on turtle phylogeny. They then go on t@thics surrounding vouchering—thatis, collecting represen-
construct a set of supertrees that stand as the best compotitive material for long-term storage in standard specimen-
hypotheses on turtle phylogeny assembled to date. Progrdsased museums. Traditional voucher specimens constitute
in the last 20 years on turtle phylogenetics has been increthe physical record by which we often judge historical
ible, and we can anticipate that in another decade turtles withanges in species’ ranges, and they are an absolute neces-
emerge as one of the most completely understood cladessify for work in systematics and taxonomic descriptions
vertebrates. Major accomplishments include progress on threquiring type specimens. However, as turtles become in-
“backbone tree” of turtles, and phylogenetic relationshipsreasingly rare in the wild, euthanizing specimens as vouch-
within Trionychidae, Geoemydidae, and Testudinidae. Giveers is often in direct conflict with the stated goals of conser-
both the high species diversity and conservation concernation and management. These are difficult issues, and both
with these three families, this progress is important an@urke et al. and Lehn et al. consider the material already
timely. As Iverson et al. emphasize, much of this progresavailable in traditional museum collections, alternative media
relies on mtDNA, and an infusion of nuclear DNA data andsuch as digital photographs or tissue samples, and investiga-
analyses will represent the next major step forward inor responsibilities in considering how traditional and non-
assembling a true Tree of Life for turtles. traditional specimen acquisition should proceed.

Conservation genetics is a theme that runs throughout Finally, one must consider the issue of data distribution
this monograph, and is particularly emphasized by the Turtlm an Internet-driven world. The turtle community currently
Conservation Genetics Working Group. Key areas wherbas several useful Internet resources, including the
population genetics approachieave been effective for EmySystem site, and Kiester and Bock discuss how such a
turtle conservation include the identification of manage-website can be developed as animproved portal to important
ment units and cryptic lineages, understanding gene flowata, advances, and issues related to conservation and
among natural populations, and forensic research on tlerganismal biology. They identify and discuss three key
exploitation of endangered taxa. One of the most imporehallenges: continuous content update, quality assurance
tant outcomes of this work has been in strengthening thand control, and synthesis and integration. All of these are
working relationship between research biologists, agencigsues that must be dealt with, and Kiester and Bock offer a
and management scientists, and the captive breedirapncrete proposal for awebsite that would serve the needs of
communities. the turtle research and conservation communities into the

Syed et al. consider a related way in which the genetidsiture.
and conservation communities work together for common  We have clearly made enormous strides in the last two
goals through captive breeding and assurance colonies. Batbcades in the use of genetics to further our understanding of
in-situ andex-situcaptive management programs have pro-evolutionary history, currentdemography, and conservation
vided a valuable hedge against extinction in the form obiology of the world’s turtle and tortoise fauna. Major
strong captive breeding programs, and some of the worldshallenges still remain, particularly if we are to prevent the
most endangered turtles (ranging from the Madagascdurther loss to extinction of the relatively few species of
ploughshare tortoiséstrochelys yniphorao the critically  turtles currently living on earth. However, we are coming to
endangered Australian western swamp tuPdeudemydura understand the species and lineages that require the most
umbring are now being propagated and repatriated into thargent conservation, and we can see clear, demonstrable
wild. Genetics plays a key role by identifying cryptic lin- progressin populations of taxa ranging from giant Galapagos
eages that require independent management, as well @stoises to diminutive swamp turtles. Genetics has played a
guidance in avoiding close inbreeding and resultantinbreedkey role in some of these successes, and will continue to do
ing depression. All of these approaches to conservatioso in the future, particularly as genomic resources become
effectively use genetic technologies to help conserve turtlescreasingly available.
and they represent a rich history of sharing resources and The stakeholders inthe international turtle conservation
material across a variety of partners that has benefited turttmmunity include individuals and institutions from the
conservation as a discipline. diverse research and conservation communities of academ-

Another theme, and one that is often overlooked irics, non-governmental organizations, governmental agen-
academic treatises, is an explicit focus on ethical considecies, international organizations and regulatory bodies, phil-
ations in research programs. Two groups consider ethi@nthropic foundations, zoos and aquaria, and private
from rather different vantage points in this volume. Burke eherpetoculturists. Collaboration between these various stake-
al. take a broad view of legal considerations—given théiolders who work with or care for turtles is the key to current
sometimes conflicting and confusing laws surrounding doand future progress, and the turtle community has been a
mestic and international research, how can individual releader in establishing and fostering such collaborative ef-
searchers move forward with their work and respect théorts. We are proud of these efforts, and continue to encour-
critical laws that govern and manage endangered specieage them as we focus on expanding and accelerating progress
The answers are not always simple, but they are importafdr turtle conservation worldwide.
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AssTrACT. — Powerful molecular techniques have been developed over many decades for resolving
genetic relationships, population genetic structure, patterns of gene flow, mating systems, and the
amount of genetic diversity in animals. Genetic studies of turtles were among the earliest and the
rapid application of new genetic tools and analytical techniques is still apparent in the literature on
turtles. At present, of the 198 freshwater turtles and tortoises that are listed as not extinct by the IUCN
Red List, 69 species worldwide are listed as endangered or critically endangered, and an additional
56 species are listed as vulnerable. Of the ca. 300 species of freshwater turtles and tortoises in the
world, ca. 42% are considered to be facing a high risk of extinction, and there is a need to focus intense
conservation attention on these species. This includes a need to (i) assess our current state of
knowledge regarding the application of genetics to studies of freshwater turtles and tortoises and (ii)
determine future research directions. Here, we review all available published studies for the past 70
years that were written in English and used genetic markers (e.g., karyotypes, allozymes, DNA loci)
to better understand the biology of freshwater turtles and tortoises. We review the types of studies
conducted in relation to the species studied and quantify the countries where the studies were
performed. We track the changing use of different genetic markers through time and report on
studies focused on aspects of molecular evolution within turtle genomes. We address the usefulness
of particular genetic markers to answer phylogenetic questions and present data comparing
population genetic structure and mating systems across species. We draw specific attention to
whether authors have considered issues of turtle conservation in their research or provided new
insights that have been translated into recommendations for conservation management.

Key Worbps. — Reptilia; Testudines; conservation; turtle; tortoise; molecular; phylogeny;
phylogeography; population genetics; mating system; hybrid; DNA; mtDNA; microsatellite

Since the advent of techniques to view condenseihstigated analytical approaches for dealing with diverse
chromosomes inthe early 1900s, researchers began studiata sets (Pupko et al., 2002; Wortley and Scotland,
ing turtle genomes (Oguma, 1936, 1937; Risley, 1936) t@006b). In contrast, the application of molecular markers
qguantify genetic variation among and within species ando studies of mating systems was rapidly adopted as early
to reconstruct the relationships among taxa. In the degenetic studies demonstrated that actual paternity did not
cades that followed, more powerful and finely discrimi-always correspond to expectations from observed matings
nating techniques and genetic markers were developg&albraith, 1993; Galbraith et al., 1993; Valenzuela,
that are now used to investigate (i) genetic relationship2000; Pearse and Avise, 2001; Pearse et al., 2002; Roques
among taxa (phylogeny), (ii) genetic diversity and struc-et al., 2004; Johnston et al., 2006). In recent years, new
ture and patterns of gene flow among populations, (iiifechnigues that allow faster throughput have expanded
mating systems and the extent of multiple paternity, (ivthe range of species that can be studied with genetic
histories of captive lineages, (v) origins of forensictechniques, as well as the types of questions that can be
specimens, and (vi) aspects of molecular evolution withimddressed using this technology (e.g., Zhang and Hewitt,
taxa (e.g., Bull et al., 1974; Carr and Bickham, 19812003; Parham et al., 2006a, 2006b; McGaugh et al.,
Bickham et al., 1985; Avise et al., 1992). Typically the2007). Declining costs, greater global communication,
early work with a new genetic approach was mostlyand web-based availability of DNA sequences and prim-
theoretical, with the assessment of the utility of eaclers (e.g., GenBank) have facilitated collaborations among
technique and tool following later. For example, a debateesearchers and increased sample sizes, making genetic
over the usefulness of molecular markers versus mostudies more amenable to rigorous statistical analyses
phological data in determining phylogeny was raisede.g., Holmes, 2003). In addition to these developments,
(regardingturtles, see Seidel and Lucchino, 1981; Shaffencreasingly sophisticated software packages to process
etal., 1997; lverson, 1998; McLuckie etal., 1999), whichand analyze data are becoming available to an ever-
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expanding user community (e.g., Felsenstein, 2004history (Walker and Avise, 1998): they date back over 200
Pearse and Crandall, 2004). These conceptual and teamillion years to the Triassic era, they display extreme
nological advances have increased the role of genetics langevity (generation time), high philopatry, and relatively
studies of wildlife, including turtles, and we contend thatlow dispersal rates. The application of conservation genetics
they could play a larger role in advancing turtle conserto study threatened and endangered turtles will certainly
vation (see Turtle Conservation Genetics Working Groupexpand during the coming decades with the advent of further
2007, McGaugh et al., 2007). technological and conceptuadvelopments. The increasing
Within the conservation community, turtles are consid-use and future potential of powerful molecular genetic
ered to be in a crisis situation, brought about by humatechniques for the study of freshwater turtles and tortoises
activities (reviewed in van Dijk et al., 2000; Klemens, 2000 warrants a thorough and critical evaluation of the progress
Turtle Conservation Fund, 2002). Currently, out of 200in this rapidly evolving research field and an assessment
species of freshwater turtles and tortoises listed by thef our current state of knowledge (see also McGaugh et
Worldwide Conservation Union (IUCN) in their Red List al., 2007).
(IUCN, 2006), 24 are listed as Critically Endangered, 45as Here, we characterize the body of English-language
Endangered, 56 as Vulnerable, 2 as Extinct in the Wild, anliterature on freshwater turtle and tortoise genetics that has
9 as Extinct. However, about 100 species of freshwatdreen published over the last 70 years (1936-2006). We
turtles are not listed by IUCN in the Red List, either becauseategorize the types of papers written and document the
they are more common or have not yet been evaluated fgpecies included, the genetic markers used, and the geo-
listing. This means that at least about 42% of freshwategraphic focus of the studies. We consider the usefulness of
turtles and tortoises are considered to be facing a high risk particular genetic markers and the thoroughness of the
extinction, and are in need of urgent conservation actiorpapers and summarize aspects of the data obtained from each
Immediate attention is also needed for an additional 1paper. We draw specific attention to whether authors have
species that are listed as Data Deficient. explicitly considered issues of turtle conservation in their
Several causes of turtle declines exist worldwide, intesearch or provided new insights that have been translated
cluding illegal harvest, poorly regulated legal harvestsinto recommendations for conservation management.
habitat loss and ensuing fragmentation, disruption of eco- Inthis comprehensive review, we: (1) describe which of
systems, incidental catch and drowning in fishing gear, anthe many available molecular genetic techniques have been
other unintentional take such as road mortality or predationseful singly and, more recently, in combination, for defini-
by domestic and feral animals (Mitchell and Klemens, 2000tively resolving important issues of taxonomy and uncover-
Thorbjarnarson et al., 2000; van Dijk et al., 2000; Turtleing ecological, evolutionary, and conservation-relevant as-
Conservation Fund, 2002). Turtles have been prized as pgiscts of turtle biology; (2) present an analysis of experimen-
or killed for commercial products and although some of thigal and research design for all papers collected that includes
trade is met by commercial farms, illegal harvest from the thorough evaluation of hypotheses tested and trends in
wild occurs on a broad scale in many areas (Thorbjarnarsdachniques used to date; (3) draw specific attention to turtles
et al., 2000)Recently, the Asian turtle crisis has broughtas a model system for certain types of studies and to the
to light the devastating declines in turtle abundance iimportantrole thagenetic studies have in turtle conserva-
that region of the world. Asian turtle trade numbers ardion; and (4) discuss how turtle conservation efforts will
astounding: 15,500 metric tons annually, 10.3 millionbe enhanced with genetic knowledge and suggest areas
turtles annually, about 28,000 turtles per day (van Dijk efor future research and directions. An underlying aim of
al., 2000; Turtle Conservation Fund, 2002). These turtlethis review is to better inform those working within the
are used as pets, for religious purposes, as food, andfield and to increase their ability to make comparative
traditional Chinese medicine, among other things. Simiassessments. We hope to advance the field by pointing
larly, Schlaepfer et al. (2005) documented the impact obut the strengths and limitations, in general terms, of the
trade in amphibians and reptiles in and out of the Uniteg@revious work. We look to uncover any general prin-
States, and expressed explicit concern for 19 species oiples that emerge concerning the genetic structure of
turtles they expected were particularly vulnerable due tourtle populations. And finally, we seek to encourage an
trade activities. increased application of genetanls to address questions
Increasingly, researchers are using molecular genetaf conservation concern.
techniques to answer resource management questions
involving the maintenance of genetic diversity, delineation METHODS
of appropriate units for management, mating systems, and
the genetic history of individuals. Broader insights have = We selected publications for this review from several
been gained through studying multiple species at both locaburces. First, we conducted online searchers using the Web
and landscape levels to determine how past processes hafeScience, Google Scholar, Biological Abstracts, and the
shaped existing genetic patterns. Such approaches have b&mence Citation Index using the keywords ‘turtle and ge-
used with freshwater turtles and tortoises because this grometic’, ‘tortoise and genetic’, ‘turtle and mtDNA’, ‘tortoise
of animals represent model species for uncovering landscapad mtDNA’, ‘turtle and microsatellite’ and ‘tortoise and
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microsatellite’. We also conducted both online and hardcopgategorized in Phylogeography. However, all
searches using the same keywords in several journals aRthylogeography papers that presented phylogenetic data
monitored other selected journals for new papers fronmad those data included in the relevant phylogeny analyses.
2003-06. We performed the last web search using Web @fata were collected on the number of taxa used, total sample
Science on 1 Oct 2006. We selected records from the 1938i&ze, the name of each species, and where appropriate, the
through September 2006 to cover the time period from theames of species considered as an outgroup (OG) based on
early karyotype studies of turtle chromosomes until thehe authors’ choice of OG species in constructing phylog-
present. The resulting list of publications was reduced tenies. We collected data on bootstrap values for nodes that
reviewable works according to six main criteria: (1) thegroupedspecies versus nodes grouping higher-level taxa
paper was published in English in a peer-reviewed journatp produce an index of effectiveness of the genetic
(2) the primary focus on the paper was on the use of genetiosarkers used in producing phylogenetic trees. A single
to better understand turtles or their DNA, (3) the paper wasee was selected from each paper for each marker used
attainable in hardcopy or pdf; (4) the work was not in thgor from a combined dataset if provided), with prefer-
form of an unpublished thesis; (5) the paper contained neence given for trees that used a maximum parsimony
data that the authors generated (not just reviews); and (6) thealysis because of the prevalence of this approach in the
paper represented more than a brief published abstraditerature. Percent bootstrap support for each node was
Articles from the authors’ personal libraries were includedallied as being either 100%, 90-99%, 80-89%, 70-79%,
when they matched the above criteria, as were articlesr <70% and categorized as a node representing indi-
obtained through email requests to a selection of turtlgiduals of the same species, or a node comprising mul-
geneticists worldwide, including all participants in the work-tiple species. In general, bootstrap values of >90% are
shop. This included some manuscripts that were ‘in press’ &gpically considered highly significant, values of 70-89%
the time of the review. We examined the references of eaaharginally significant, and <70% is considered limited
paper for new articles to review and continued this processvidence of monophyly within a clade (Hillis and Bull,
until no further publications emerged. A small number 0f1993). Data were also collected on whether the paper
papersif = 10) proved difficult to obtain but a more limited included an analysis of morphological data, or compared
set of data was obtained from their abstracts. results to morphological characters, and whether the
We tracked each study’s purpose and methodology, arehalyses included a combined genetic and morphologi-
summarized the data presented and types of analyses peal dataset. For each genetic marker, data were collected
formed. Data were collected on the country of origin of theon the mean and range in genetic divergence within
first author, the continental region and countries of origin obpecies, genus, and family levels. We noted whether a
the turtles that composed the focus of each study, theaper discussed the rate of evolution for the markers
taxonomic level of focus, and the name of each turtle speciesed, and in doing so, if they used published rates of
studied, including all those included in phylogenetic analydivergence, or presented new calculations to estimate
ses. Species names within the text of this review mostltime frames of divergence. Notes were made on what the
represent the names used within each paper, with referenaathors emphasized as new findings and if recommenda-
to names currently recorded by the Turtle Taxonomy Worktions for taxonomic revisions were made.
ing Group (2007b). For each study, we noted the year, Taxonomy— This category included studies that were
journal, types of genetic markers used, and total samplecused on systematics and species identification. Some
sizes. We grouped papers by their predominant focus infoapers were self-described as phylogenetic, but did not
seven categories: Phylogeny, Taxonomy, Molecular Evoluinclude phylogenies and so were included here instead.
tion, Population Genetics, Phylogeography, Techniquesiaxonomic papers were diverse, and included those de-
and Mating Systems. In our initial overview of all papers,sighed to address questions of species identification and
each paper was assigned to only one category based onrigdationships to sister taxa, the origins of captive individuals,
predominant focus. However, in the more detailed review oéind history of hybrids. As in the Phylogeny section, notes
each category, relevant data from a single paper were oftevere made on new findings and recommendations for taxo-
reviewed in more than one category. For example, if @momic revisions.
mating study also provided data on allele frequencies forthe Molecular Evolution — These studies focused on
population, then the relevant data were considered undemolecular processes within the DNA of turtles, but not
Mating Systems as well as in Population Genetics. For all theecessarily on turtle populations or turtles themselves. Early
categories, if particular data of interest were not readilypapers included investigations into chromosome size and
available within the paper, but could be calculated, then wstructure and expression of allozymes in different tissues,
calculated them. Descriptions of each category and the datéhereas more recent papers concerned the evolution of
collected are given below. specific genes and chromosomes and environmental dam-
Phylogeny — To be considered as a phylogeneticage to chromosomes. Although these studies often only used
study, the paper had to depict a phylogeny in some fornane or a few species, they were categorized by taxon level
Papers that were mostly focused on understanding the gemased on how the results were interpreted (i.e., often consid-
graphic context of intra-species phylogenies were insteagred to represent all turtles). For the majority of Molecular
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Evolution papers, the geographic location of the study andthether evidence of sperm storage was given, whether
origin of the species used was usually noted as ‘not applthere was any difference in hatching success between
cable’. single- and multiple-sired clutches, and the inferred

Population Genetics— These studies focused prima- mutation rate.
rily on a single species and were concerned with issues of Conservation Analysis— In addition to the collection
genetic diversity, population genetic structure and genef data outlined above, a primary aim of the review was to
flow, and in limited cases, forensics. Data were collected odetermine the extent to which the published genetic litera-
the number of populations studied, mean and range iture was concerned with turtle conservation, and produced
sample sizes per population, number of loci used, mean amebrk of conservation relevance. For this aim, we catego-
range in the number of alleles per population and per locusized papers by the extent to which conservation issues were
and mean and range in the observed heterozygosity pmported in the introduction and then revisited within the
population and per locus. Data on genetic structure wermiscussion. Comments were made that ranged from ‘none’
collected as the mean, FFalue (a measure of genetic struc-or ‘one sentence’ to ‘focus of the paper’, which were
ture among populations that ranges from 0-1) for each typeanslated into categories of ‘low’ or ‘high’ conservation
of genetic marker used. These values were categorized bgncern. Recently, several papers have been concerned with
the distance between populations as 0-49 km, 50-99 krssues of hybridization, particularly as it relates to proper
100-499 km, 500-1000 km and >1000 km. For severapecies identification and the focus of conservation efforts.
analyses, these data had to be derived from the papers. B#cause of this, we noted whether hybridization was consid-
studies that used microsatellites, we noted whether assigared as a possible explanation of results or if it was the focus
ment tests (e.g., Piry et al., 2004) were used to estimate ratefithe paper. We also determined whether the species studied
of migration or identify migrants, and if so, what percentagevere included in the IUCN Red List (IUCN, 2006) and if so
of self-assignment to populations occurred. Results werehat their status was. This allowed us to compare the extent
considered relative to habitat and categorized as river, lakiy which genetic studies have been directed at species of
semi-aquatic, or terrestrial. special conservation concern.

Phylogeography— In this category, papers focused on
the distribution of genetic lineages within a species in
relation to geography. Most included phylogenetic trees
depicting the species’ lineages, some included broader phy- Impact and Scope— The number of turtle genetic
logenetic trees to show the placement of the species withpapers published in peer-reviewed journals has increased
its genus or family. In addition to the collection of phyloge-
netic data, we noted the number of populations studied . ,

le 1.Journals containing at least 283 or more) of reviewed

. . . b
mean and range in sample sizes per population, number Zpers 1t = 262) that were published on freshwater turtle and
mtDNA haplotypes and nDNA alleles found, geographictortoise genetics from 1936—2006.

scale of the study, and whether the authors tested for and

RESULTS AND DISCUSSION

. . . 0,
found an isolation by distance (IBD) effect. We also noted Journal %
whether these studies set out to test a specific hypothesis Copeia _ _ 21 8.1
about the distribution of genetic diversity and if comparative % mziggulg: Egg:ggenetlcs and Evolution 1218 A 2-9

. u y .
analyses were made across species. _ 4 Herpetologica 11 42
Techniques— Papers in this category described new 5  Molecular Ecology Notes _ 10 38
techniques that had a specific focus on genetic studies of Chelonian Conservation and Biology 8 31
Comparative Biochemistry and Physiology(B) 8 3.1

freshwater turtles and tortoises and those that reported o
new genetic markers in these species. Some of these papegs
included genetic data obtained from testing new technique&?
and these data were collected as described in the relev
categories.

Mating Systems— These studies used nuclear mark-14
ers to investigate the mating system of particular speci
through analyses of the extent of multiple paternity17
within clutches. Data were collected on the number ofi8
clutches studied, mean clutch size, range and mean nu
ber of offspring sampled per clutch, number of female1
studied, mean and range in the number of clutches sampléd
per female, number of loci used, probability of detectinc}%ﬁr
multiple paternity, percent multiple paternity observed,25
the overall percent of offspring fathered by dominant26
males, and mean and range in the number of fathe

involved in multiply-sired clutches. We also considered

Conservation Genetics 9 35
Biological Conservation 6 23
Canadian Journal of Zoology 6 23
Journal of Herpetology 6 23
Science 6 23
13  Evolution 5 19
Molecular Biology and Evolution 5 19
Zoologica Scripta 5 19
Conservation Biology 4 15
Cytologia 4 15
Gene 4 15
Genetica 4 15
Journal of Heredity 4 15
Cytogenetics and Cell Genetics 3 12
Ecotoxicology 3 12
Gene 3 12
Hamadryad 3 12
Proc. National Academy of Sciences, USA 3 12
Systematic Biology 3 12
Texas Journal of Science 3 1.2
Total 177 66.0
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Table 2. Summary of the number and percentage of papers using mitochondrial (mtDNA) markers and/or nuclear (nDNA) markers in
studies of freshwater turtles and tortoises across categories of reviewed papers.

using mtDNA markers using NnDNA markers  using mtDNA & nDNA markers

Paper Category No. papers No. % No. % No. %
Phylogeny 66 44 66.7 31 47.0 12 18.2
Taxonomy 56 8 14.3 54 96.4 3 54
Molecular Evolution 41 6 14.6 38 92.7 3 7.3
Population Genetics 39 10 25.6 34 87.2 6 154
Phylogeography 31 29 93.5 4 12.9 4 129
Techniques 16 1 6.3 13 81.3 0 0.0
Mating Systems 13 0 0.0 13 100.0 0 0.0

Total (or Average) 262 98 (Avg 31.6) 187 (Avg 73.9) 28 (Avg 8.4)

steadily since 1930s when genetic tools were first used tdistributed among the seven described categories (Table 2).
investigate genetic diversity in turtles (Risley, 1936; OgumaPapers that focused on Phylogeny (25.2%) and Taxonomy
1936, 1937). Our literature search produced 262 papers th@1.4%) dominated the literature for several decades, fol-
were published in a variety of peer-reviewed journals (Tabléowed by papers on Molecular Evolution (15.6%). Molecu-
1). Intotal, 88 journals are represented in this review, and dar Evolution papers date back to 1936, and Taxonomy
additional six other sources in books or special editions werngapers have the second longest history of publication (Fig.
added for a total of 94 sources. Overall, 27 journals cont). Fewer papers focused on Population Genetics (14.9%),
tained 66.0% of the papens £ 177) in this review. Note- Phylogeography (11.8%), Techniques (6.1%), and Mating
worthy is the fact that papers on freshwater turtles an@ystems (5.0%), with most being published within the last
tortoise genetics have appeared six times in the journalecade (Table 2 and Fig. 1). The biggest surge in publica-
Sciencebut never inNature Using the Journal Citation tions has been a recent increase in the number of Phylogeny
Reports found on the ISI Web of Knowledge website (http:papers (Fig. 1).
Iportal.isiknowledge.com), we found the impact factor for ~ To couch the reviewed papers in a geographic frame-
53 of the journals, representing 205 papers. For these papesgrk, we tracked the country of first authors by category of
the impact factor ranged from 0.22 — 31.6, with an averaggaper (Fig. 2). Across all categories, USA first authors
score of 3.5. Additionally, 19 papers were published irdominated (175 papers, 66.8%), followed by Japanese (17
journals with an impact factor greater than 5.0, including th@apers, 6.5%) and German authors (14 papers, 5.3%) and
journalsMolecular Biology and Evolution; Proceedings of authors from 15 other countries (56 papers, 21.4%). To
the National Academy of Sciences, USA; Systematic Bidlurther understand global coverage of freshwater turtle and
ogy; ScienceandEuropean Journal of Biochemistry. tortoise genetics studies, we tracked the geographic region
The number of papers published between 1936-2006f each study by category (Fig. 3). The majority of studies
on freshwater turtle and tortoise genetics was not equalfpcused on freshwater turtles and tortoises living in North

# of papers

1081

Publishing year Category

1996

2001

Figure 1. Number of reviewed papers published each year from 1936—2006 (n = 262) in each of the seven defined categories.
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Figure 2. Country of first author for all reviewed papers by category.

America (95 papers, 36.3%), including the USA and Canadaiques, could not be meaningfully assigned to a geographic
as well as a few broader studies that also included Central argion.

South America. Many other studies included samples from  Genetic Markers— Various mitochondrial DNA
around the globe (34 papers, 13.0%), followed by studies gmtDNA) and nuclear markers were utilized across all
turtles in South America (31 papers, 11.8%), Asia (2%ategories of papers (Table 2). Overall, mtDNA markers
papers, 11.1%), Europe (24 papers, 9.2%), and Africa (1Wwere used in 32.8% of the papers included in this review.
papers, 5.7%). Alimited number of studies collected sampleglitochondrial DNA markers were most frequently used
at several locations in the Southern Hemisphere (7 papeiis, Phylogeography (100%) and Phylogeny (69.8%) pa-
2.7%), or specifically in Australia (6 papers, 2.3%), or in thepers, but were underrepresented in Techniques (6.3%)
Neotropics (1 paper, 0.4%). Several studies 0, 7.6%), and Mating System (0%) papers. A higher diversity of
particularly those focused on Molecular Evolution or Technuclear markers was prevalent across all categories of

2
&
5

Category of paper

Australa
Heoirogcs
&£ 3

Geographic region
of study

Figure 3. Category of paper published versus the geographic region of study. Note that North America includes USA and Canada as well
as papers covering the Americas; South America includes South Pacific, Galapagos, Mexico, and Central America; Asiaingludes Ch
Southeast Asia, India, and Indo-Asia; Europe includes Europe, Mediterranean, and Eurasia; Africa includes North Afriesnacalntri

the Western Indian Ocean areas, including Madagascar; Southern Hemisphere includes broad phylogenetic or taxonomisstudies acro
the region; and Neotropics includes Mexico, Nicaragua, El Salvador, and Honduras.
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Table 3. Summary of the types of mitochondrial DNA (mtDNA) markers used across categories of reviewed papers.

Category
Molecular Population  Phylo- Mating  Total
Phylogeny Taxonomy Evolution Genetics geography Techniques Systems — N
Total no. papers per category 66 56 41 39 31 16 13 262
Mitochondrial DNA marker:
cytB 24 6 3 2 10 45 17.2
control region and D-loop 9 1 1 3 13 1 28 10.7
12sRNA 13 1 3 17 65
tRNA 10 3 1 2 16 6.1
ND4 12 1 1 1 15 57
16sRNA 10 2 12 46
mtDNA-RFLP 1 6 7 2.7
Col 4 1 1 6 2.3
complete mtDNA seq 1 1 2 4 15
PCR-RFLP 1 2 1 4 15
ND5 1 2 3 11
ND6 1 2 3 11
ND2 1 1 0.4
a.a. sequence of mtDNA proteins 1 1 0.4
ND1 1 1 0.4
ND3 1 1 04
restriction site 1 1 0.4
protein coding genes 1 1 0.4
total DNA CsCl 1 1 0.4

Note: Boldfacevalues highlight the five mtDNA markers used in >3.0% of the paper262) included in this review.

papers and these markers were used in 73.2% of the Cytochromeb (cytb) was first used in turtle studies
reviewed papers (Table 2). Nuclear DNA markers had & 1994 to address the systematic&GodptemygLamb

high level (> 80%) of use in Mating Systems, Molecularet al., 1994) and became the predominant mtDNA marker
Evolution, Taxonomy, Population Genetics, and Techacross all categories, appearing in 17.2% of the papers.
nigues papers. These markers were used in nearly half 8econd to cyt was the control region, initially used in a
all Phylogeny papers, but were used relatively infrephylogeographic study (Walker et al., 1995), and found
quently (13.8%) in Phylogeography papers. Relativelyin 11.1% of reviewed papers (Table 3). Sequencing of the
few papers (8.4%) overall reported on the combined useomplete mtDNA was first used to study molecular
of mtDNA and nuclear DNA markers. Authors of Phy- evolution and turtle affinities in 1998 (Zardoya and
logeny papers used both nuclear and mtDNA markers theyer, 1998a) and later, sequencing of the complete
the greatest extent (18.2%) followed by papers in PopuntDNA control region was first used to construct a
lation Genetics (15.4%) and Phylogeography (12.9%phylogeny oKinosternorflavescengSerb et al., 2001).

(Table 2). Compared to the mtDNA markers used, a broader diver-
45 -
W karyotype
40 allozyme
m'sat
35 seq
other
30
- 1
55|
B
2
% 20

N ELL i

19305 1940s 19505 1960s 1970s 1980 1990s 20005

Decade
Figure 4.Change through time in the number of reviewed papers using different classes of nuclear markers; categorized as khryotypes (al
chromosome studies except those using flow cytometry), allozymes (includes blood proteins), nuclear microsatellitedl(nDdés), a
loci that were sequenced (seq) and other (includes RAPDs, ISSR-PCR, flow cytometry).
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Table 4. Summary of the types of nuclear markers or techniques used across categories of reviewed papers.
Category

Molecular  Population  Phylo- Mating  Total No.
Phylogeny Taxonomy  Evolution Genetics geography Techniques System@o)

Total no. papers per category 66 56 41 39 31 16 13 262

Nuclear marker/technique:
allozymes/protein variants
(hemoglobin, serum albumin,

transferrin, isoelectric focusing) 11 21 6 13 1 2 54 20.6
karyotype 7 28 10 45 17.2
microsatellites 1 1 15 3 12 8 40 15.3
flow cytometry, chromosomes,

micronuclei, telomeres 1 10 11 4.2
R35 4 1 1 1 7 2.7
genomic fingerprinting with ISSR-PCR 2 3 5 1.9
pollll/Sine retroposon/LINE 1 3 4 15
RAPDs 1 3 4 15
RAG-1/RAG-2 2 1 3 11
fingerprint 2 2 0.8
myoglobin 1 1 2 0.8
Minisatellite 2 2 0.8
alpha enolase 1 1 0.4
aromatase 1 1 0.4
Introns 1 1 0.4
Sfl gene expression 1 1 0.4
LDH-A and LDH-B 1 1 0.4
genomic hybridization 1 1 0.4
WT1 and Sox9 1 1 0.4
ZFY and Sox 1 1 04
total DNA-CsCI gradients 1 1 0.4
U17 snoRNA 1 1 0.4
DPLA 1 1 0.4
GAG 1 1 04
GAPDH 1 1 0.4
blood proteins 1 1 0.4
prion protein 1 1 0.4
chromosomes 1 1 0.4
FSH3 1 1 0.4

Note:Boldfacevalues highlight nuclear markers used in >3.0% of the papers in this review.

sity of nuclear markers was found in the studies, with gapers focused on nuclear DNA, particularly at the level of
major shift in the type of markers used over the years athromosomes, using detailed techniques to determine karyo-
the study (Fig. 4). Allozyme/protein variants and karyo-types and investigate chromosome damage, including the
types predominated in the early literature, with 20.7%use of flow cytometry. Population Genetic papers also relied
and 17.2% of papers, respectively, using those markerkeavily on nuclear markers, initially using allozyme/protein
Microsatellites were first used to study turtle populationsvariants (33.3%), which have been largely supplanted by
when Sites et al. (1999) first published on this techniquenicrosatellites (38.5%). Phylogeography papers preferred
in Amazonian river turtlesRodocnemisexpansa in  sequencing the control region (48.3%) anth¢34.5%), but
1999. These markers have come to dominate, with use legan with the use of mtDNA-restriction fragment length
15.3% of papers, mostly in the categories of Populatiopolymorphisms (RFLPs) in 1989 (Lamb et al., 1989). Tech-
Genetics and Mating Studies. More recently, nucleaniques papers mostly involved the recent development of
introns were first sequenced in turtles to build a phylogmicrosatellite markers, which accounted for 75% of those
eny of side-necked turtles in 1998 using c-mos in addipapers. Not surprisingly, Mating Systems papers only em-
tion to mtDNA sequences (Georges et al., 1998). ployed nuclear markers, originally by using allozymes
As expected, the use of markers varied across thcribner et al., 1993) and DNA fingerprinting (Galbraith,
categories of papers (Tables 3 and 4). Phylogeny papet993), butsince 2000 (Valenzuela, 2000), only microsatellite
relied most strongly on dyt(38.1%) and also often used data have been reported.
12sRNA, ND4, tRNAs, 16sRNA, and a variety of allozyme/ Phylogeny— Papers discussed in this section include
protein variants (>14% each). Taxonomy papers predomthe 66 papers that were placed in the Phylogeny category and
nantly used karyotypes (45.9%) and allozyme/protein varian additional 40 papers that also included phylogenetic trees
ants (34.4%), particularly in earlier (i.e., before 1995) paas a part of their results. This does not include papers that
pers. Cyb was the most frequently used (9.9%) mtDNA only presented the relationship among haplotypes using
marker in the Taxonomy category. Molecular Evolutionparsimony network analysis. Of these 105 papers, 61.9%
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a5 using only a single OG. The most comprehensive paper (in
terms of the number of taxa used) sequenced 70 taxa plus 9
OGs for cyb and 12S ribosomal mtDNA and all 23 genera

of the Geoemydidae for the nuclear intron R35 (Spinks et al.,

2004). Among the papers that used sequence data, variable

numbers of basepairs were sequenced, from around 350 bp,
Mus

300 4
25.0 -
20.0 4
150 4 up to the entire mtDNA control region, which provided up to
16.2-19.4 kilobases of data (Parham et al., 2006a, 2006b) .
10.0 4 These larger datasets were used to study the phylogeny of
50 4 l several species of Mediterranean tortoises and to determine
the relationships amonBlatysternon Kinosternon,and
0.0 — — Chelydra(Parham et al., 2006a,b). Most phylogenetic analy-
Order ~ Sub-  Family Ge species ses used only a single specimen per taxon, and we observed
Ordar . . . .
a broad range in terms of the information provided about the
, T . specimens. Several papers that used sequence data only
Zh%”ggtse'&%f’” level of focus for reviewed papers in the Phylog-p . ided GenBank accession numbers for the sequences,
but no information about sample location or any identifiers
had been categorized under Phylogeny, 17.1% af®r the original specimen. A minority of all papers gave
Phylogeography, 7.6% as Population Genetics, 7.6% otomprehensive information about location, museum cata-
Taxonomy, and 5.7% as Molecular Evolution. The primarylogue numbers if appropriate, or other voucher identifiers
focus of these papers was within a family (30.5%), genufor the specimens. For a discussion of this important subject,
(25.7%), or species (26.7%), and fewer papers dealt witbee Lehn et al. (2007).
guestions at the level of order (9.5%) or sub-order (7.6%) Estimates of sequence divergence were provided in
(Fig. 5). 56 papers. To compare divergence estimates across ge-
Among the phylogenetic data, there was wide diversitynetic markers, the average divergence values at different
in the types of phylogenetic analyses and trees presented alagtonomic levels (i.e., within species, within genera,
the amount of data provided. To address the scope @fithin families, across families) were used where avail-
phylogenetic trees, 96 datasets that provided the relevaable. For papers that only reported the range in diver-
data were selected. Only 15.6% of phylogenetic trees weigence estimates, the mid-point value of the range was
focused on a single species; the remaining trees averagedu$ed. Variable divergence values were reported in the
species per tree, with a range from 2—70. Outgroup (OQGijterature, even within the same category of marker type
taxa were used to root the trees in 67.7% of these papeend taxonomic level (Fig. 6). As expected, in all catego-
although several of the remaining 31 trees could havees there was significantly less divergence observed at
benefited from their inclusion. For those papers using OGsiuclear markers as compared to mtDNA markers (
the number of OGs ranged from 1-9, with 38.824@25) 0.45; 1-tailed, paired t-test). Substantial levels (>5%) of
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Figure 6.Average percent sequence divergence showing S.D. from papers with phylogenetic data; categorized as within species (S), within
genus (G), within family (F), and across families (> F). Markers include mtDNA 12S/16S, control region (CR), cytb¢bytithea
combination of mtDNA genes (mtDNA-mix), mtDNA-RFLP, ND-any (ND1, ND2, ND3, ND4, ND5, ND6), and nDNA.
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divergence were only seen in nDNA when comparing.6% (9 papers) presented an analysis of morphological
between families or higher taxonomic groupings. Sig-data. Ofthese papers, five included phylogenetic analyses of
nificant differences in divergence were observed amongombined genetic and morphological data, and four pre-
the different taxonomic levelgp (= 0.0004, ANOVA). sented comparative phylogenetic analyses of both separate
Within species, the highest average divergence was oland combined data sets. All of these papers demonstrated
served in mtDNA-RFLP studies, followed by the controlimproved resolution using the combined phylogeny (see
region. Within genera, the 12s/16s data and the NADFshaffer et al., 1997; Iverson, 1998; Stephens and Wiens,
dehydrogenase genes (ND-all) provided the highest as2003; Engstrom et al., 2004). Burke et al. (1996) suggested
erage divergence, with large standard deviations foa need to include additional data from various sources,
most other markers. Divergence averaged around 10%acluding fossil morphology and ecological traits, as well as
within families for most markers, and 20% or highergenetic data. However, Shaffer et al. (1997) found that
above the family level. The highest value came from addition of fossil data to phylogenetic analyses did not lead
combined use of cptand 12s data to compare geneticto greater resolution, but instead produced greater uncer-
distances among the five major cryptodire lineagesainty for the nodes surrounding the fossil taxa. For a
(Shaffer et al., 1997). comprehensive list of papers that include phylogenetic trees
Whether or not turtle DNA evolves at a slow pace is stillbased on either genetics or morphology, see Iverson et al.
an unresolved topic within the literature. Across all 262(2007).
papers reviewed, 52 discussed rates of molecular evolution, Increasingly, phylogenetic papers on turtles are provid-
ranging from broad-scale changes in chromosome numbérg analyses of both mtDNA and nuclear datasets, particu-
and structure (e.g., Bickham, 1981; Bickham and Rogerdarly as awareness increases about the limitations of mtDNA
1985; Carr et al., 1986; Muhlmann-Diaz et al., 2001), talata (Bazin etal., 2006, but see Mulligan et al., 2006). Papers
estimates of sequence divergence and microsatellite mutaaried in whether they presented each data set indepen-
tion rates (e.g., Lamb et al., 1994; Valenzuela, 2000). Mostently, as well as in a combined tree, and the extent to which
authors relied on previously published estimates, particuthey tested the appropriateness of the model used to combine
larly the slow rate of mtDNA divergence (0.25%/Myr) first their data (see Pupko et al., 2002). To investigate the effec-
presented by Avise etal. (1992). Since then, only four papetiveness of mtDNA, nDNA, and combined mtDNA/nDNA
have derived rates of mtDNA sequence divergence by caldatasets to produce robust phylogenetic trees, we conducted
brating against fossil dates (Lamb et al., 1994; Lenk et alagn analysis of bootstrap values using a single tree for each
1999), the formation of the Grand Canyon (Osentoski andategory of genetic marker contained in a paper. Data were
Lamb, 1995), or the emergence of the Galapagos Islandaken from 77 trees, which indicated overall that 37.5% of
(Beheregaray et al., 2004). Whereas the rates based nades within species had bootstrap values of > 90% in
fossils indicated a slow rate of sequence divergence (0.3emparison to 44.1% for nodes at a taxonomic level higher
0.46%/Myr), those based on geologic dates estimated fastdran species. Nodes with < 70% bootstrap support were
rates (1.6—3.4%/Myr), at least for the control region. Severalommon, ranging from 48.8% within species to 37.1% at
papers speculated on the rate of change based upon theigher order nodes. However, the lower values were often
data, and of those, six papers supported a faster rate and@¥ociated with nodes that were less important to the specific
papers supported a slower rate. Six papers discussed ttesearch questions. Of the 77 trees, 64 used only mtDNA,
possibility of mutatiomate heterogeneity among lineages,including three that used complete control region, six that
and four of these tested whether the sequences evolvedised only nDNA, and seven that combined mtDNA and
a clock-like manner. Within the literature there wasnDNA datasets. ANOVA tests indicated significant differ-
support for clock-like mutation among species ofences in bootstrap values that were based upon these differ-
Geochelonglnow Chelonoidis nigraand C. chilensi3  ent classes of markers, both for clades within spepies (
and Pyxisin Madagascar (Caccone et al., 1999a) an®.002) and clades at higher taxonomic leveks 0.021). A
within subspecies offestudohermanni (Fritz et al., summary of bootstrap values indicated that the complete
2006a). But at higher taxonomic levels, variation incontrol region provided the most robust phylogenies, par-
mutation rates seemed to occur across lineages (Fujitattularly at the level within species (Fig. 7). For nodes within
al., 2004; Near et al., 2005; Fritz et al., 2006a; Parham apecies, the combined data sets performed the next best,
al., 2006b). In terms of evolution at microsatellite loci, while for nodes at higher levels, the nDNA data performed
inferred mutation rates were within the range reportedomewhat better than mtDNA, which was somewhat better
for other species, and they included some relatively higkhan the combined datasets. Particularly for the nodes at
(10%-10°%) values (Valenzuela, 2000; Pearse et al., 2002Qhigher than species level, these results depended upon the
2006b; Roques et al., 2004). specific choice of markers and the scope of the study, and for
Several authors have noted the importance of considetwo of the combined datasets, these included morphological
ing morphological data when analyzing phylogeny (e.g.data.
Wortley and Scotland, 2006a,b), yetfew papers providedthe It is clear from this review that there is a need to
data to do so. While 60.9% (64 of 105) of papers discussedtitically evaluate the effectiveness of different markers, but
or mentioned aspects of comparative morphology, onlyo do so requires that more authors present individual trees
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Figure 7. Percentage of nodes in phylogenetic trees that grouped genetic lineages (Apitiesame species, @) different species
or higher taxonomic groupings, and had bootstrap values of either <70%, 70-79%, 80-89%, 90-99%, or 100%.

for data sets both individually and combined. In an attemp2007a,b) and based on the small number of papers over-
to do this by combining all available trees to produce all thatincluded morphologic data, the greatest emphasis
composite phylogenetic tree for all turtles, Iverson et alhas shifted to using genetic data. An increased use of
(2007) found several gaps in need of resolution. Theskarger fragments of DNA, including sequencing of the
authors noted, in particular, the need to use a multilocusomplete control region, or entire mtDNA and an array
approach and to expand the geographic range of samplim§ nuclear genes is warranted, as is a greater focus on
within a species, including type specimens. morphology.

To assess the impact of phylogenetic studies on Taxonomy and Systematics- Papers included in
taxonomic issues, 97 papers were categorized as eithénis section were all categorized into the initial Tax-
(1) supporting the current (at that time) taxonomy, (2)onomy grouping. Included here were papers that also
suggesting that a change was needed, but either nobtnsidered phylogeny, but did not include a phyloge-
specifying the change, or recommending that furthenetic tree. We found 56 papers that were focused on
data were needed, or (3) proposing a taxonomic changgaxonomic questions at levels within species (16.1%),
Of the 97 papers, 29.9% of papers supported the curregenera (25.0%), family/subfamily (41.1%), or a higher
taxonomy, 38.1% provided evidence that changes werevel of taxonomy (17.9%). Compared to the papers
needed, and 32.0% proposed specific taxonomic changesnalyzed in the Phylogeny section, we found a decreased
It is apparent that the taxonomy of turtles is still a workemphasis on species and an increased emphasis on fam-
in progress (see Turtle Taxonomy Working Group,ily/subfamily taxonomy in this category.



26 Defining Turtle Diversitye Chelonian Research Monographs, No. 4 — 2007

Many of these papers were exploratory and provideddaptation (Manwell and Schlesinger, 1966). More recently,
the first genetic analysis of the taxonomy under study. Theurtles have been the focus of studies of transposons (Endoh
lack of phylogenetic trees within these papers correspondet al., 1990; Ohshima et al., 1996; Kajikawa et al., 1997),
to a shiftin the types of genetic markers used, with only 7.3%evelopmental genes (Spotila et al., 1994, 1998), and small
of papers sequencing mtDNA compared to 37.0% usingucleolar RNA proteins (Cervelli etal., 2003). Recently, the
allozymes or blood proteins, 50.0% using karyotypes, andonstruction of a BAC library fathrysemygictahas led to
5.6% using other nuclear markers. Surprisingly, to an eveimvestigations of the structure of turtle genomes (see
greater extent than in the phylogenetic papers, little emph&AcGaugh et al., 2007).
sis was placed on morphology. Only 32.9% of papers men- Population Genetics— This section included 39 pa-
tioned or discussed morphology and of these, only threpers categorized under Population Genetics and additional
papers (Vogt and McCoy, 1980; Seidel and Lucchino, 1981data from papers on Mating Systems, Phylogeny,
Gerlach and Canning, 1998) included an analysis of moPhylogeography, Taxonomy, and Techniques, providing 57
phological data. However, the lack of morphologic evidenceotal papers for analysis. This collection of papers included
or phylogenetic analysis did not preclude Taxonomic paperdata on 39 species and 24 genera, with most paper3Q)
from making contributions to taxonomy, because 29.2% obnly studying a single species. The most frequently sampled
papers indicated that changes were likely needed but rgenera wer&eocheloner(ow Astrochelyor Chelonoidi
quired further work, and 12.5% (11 papers) proposed tax@nd Gopheruswith 10 papers each. The most well repre-
nomic revisions. Given the lack of a phylogenetic analysissented species wef@eochelonénow Chelonoidi3 nigra
it is somewhat surprising how reliable the recommendedith six papersGopherusgassizij Trachemyscripta and
taxonomic changes have been. Relative to the taxononfymydoideablandingii with five papers eactiPodocnemis
presented by the Turtle Taxonomy Group (2007b), 19 of 2@xpansawith four papers, an@Gopherugpolyphemusvith
recommendations are currently recognized as the curretitree papers.
taxonomy. Within the population genetic data, there was a large

Within this monograph, the Turtle Taxonomy Working range in sample size and completeness of sampling design.
Group (2007a) makes a plea for systematists to be boffotal sample size per study ranged from 12 to 453, with a
thorough and cautious in making taxonomic revisions. Amongnean of 126 £108). Surprisingly, half the studies had
both the Phylogeny and Taxonomy papers we analyzed, Shmple sizes of < 80. The number of populations (or loca-
papers (35.2%) suggested that taxonomic change was liketipns) reported on ranged from one (14% of papers) to 19,
needed, and 37 of them (25.5%) proposed taxonomic changegth a mean of 6.545.6). Mean sample size per population
Contrary to the recommendations of the Taxonomy Work{or location) ranged from 1.2 to 145.0, with an overall mean
ing Group (2007a) very few of these papers described thealue of 36 £ 38). Across all studies, 39% had sample sizes
specific criteria used to govern their recommendations. Fasf < 20 per population. Although these smaller samples sizes
a discussion of turtle taxonomic methods and guidelinesyere appropriate for Techniques papers that provided intro-
and insights into issues of turtle taxonomy, see the Turtlductory data on microsatellite diversity, in several papers
Taxonomy Working Group (2007a). low sample sizes were not adequate for addressing the broad

Molecular Evolution — For the past 70 years, turtles geographic or the fine-scale questions posed.
have been an important clade for the study of molecular For the most part, papers reporting population genetic
evolution. As genetic techniques have advanced, studies dta used a similar number of loci regardless of whether
turtles have kept pace with the testing of new techniques. @fllozymes or microsatellite markers were emploved (Fig. 8).
the 41 papers categorized as being primarily focused
Molecular Evolution, the first of these were karyotyp

studies in 1936 on the sex chromosomes of the soft-shel ~ *® -

turtle Amydajaponica(now Pelodiscussinensi¥ (Oguma, 1, CTOmEsE * -
1936) and musk turtleternotherusdoratugRisley, 1936). 14 - =
This sparked interest in looking for sex chromosomes ir § ., . . *

variety of species (e.g., Sites etal., 1979; Carr and Bickhe 2 o * L
1981) and eventually to recentinvestigations of gene expr = * ,*:; 0
sion and chromosome structure in turtles with temperatu o« *1 i ¢ Seoise
dependent versus genetic sex determination (Murdoch ¢ 6 » ) -
Wibbels, 2003; Valenzuela et al., 2006; Ezaz et al., 200 4 | iy » * o
Changes to chromosomes have also been used to asses 5] L

impacts of radiation and pollution at contaminated sitt 4 *
(Bickhametal., 1988; Lamb etal., 1991; Swartz et al., 20C i e B we . a0 WO b

and changes intelomere length (Girondot and Garcia, 19¢ i

Early allozyme studies in turtles provided several insigh ) : :
Figure 8. Scatter plot showing the number of variable loci over

into the functioning of proteins, including studies of seruMyme ¢, noth allozymes and microsatelites for all Population
proteins (Cohen and Stickler, 1958) and hemoglobin antiGenetics papers.
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The average number of loci was 8.3 (range 1-16) fc o35 .

allozymes and 7.9, respectively (range 3-19) fo Wbl
microsatellites. Of the 33 papers that reported microsatelli 034 & Bt J o
data, 24% used 10 or more loci, and there was no positi A
correlation between the number of loci used and the year e T &
the study since their first useodocnemigxpansgSites 02
et al., 1999). hd "

Genetic Diversity and Population History. Gem- 5 015 1,4
paring values of observed heterozygosity across spec =
is problematic for allozyme studies because the valt a1 s i
reported typically includes in the estimate a variabl e a A
number of non-polymorphic loci, which were also tester 2% | 4 i
when conducting the research. In these studies, the to 5 %i ' _5__ : : e
number of loci ranged from 1 to 23, with an average of 1 0 200 400 EO0  BOD 1000 1200 1400 1800
loci tested. In several studies, heterozygosity value mid distance {m)

were not given per population, rather only an overall pe:- o
locus value. For allozymes, the reported average o9, . Scattr pot of Fualues versus mid distance (m), by
served heterozygosity values ranged from 0.00 to 0.88ata.
per population, with an overall average of 0.16. In con-
trast, the average observed heterozygosity per popul@andingii)populations found in lakes and rivers (Mockford
tion using microsatellite loci was much higher at 0.64 et al., 2005) of Nova Scotia.
but with a similar range of 0.34 to 0.88. Genetic Structure and Gene Flow.Surprisingly, we
Genetic diversity as measured by the number of allele®und no positive relationship between genetic structure and
was low for allozymes, with an average of 2.0 and a range afistance across studies (Fig. 9). Average pairwgselbes
only 1.1 to 3.2 alleles per locus. Microsatellite loci havewere determined for five distance intervals and tested for
proven to be highly variable in turtles, with an average valugariation in a single factor ANOVA. Mean¥alues for each
of 9.3 and range of 2.7 to 21 alleles per locus. Withircategory ranged from 0.06 (1-49 km) to 0.14 (1000+ km),
populations, the number of microsatellite alleles rangedbut the differences across categories were not signifipant (
from 1.5 to 18.0, with an average of 8.2 alleles. The number 0.45). When these data were categorized by habitat type,
of mtDNA haplotypes found across studies ranged widelyhere was a general trend toward increasippkies with
from a single haplotype in giant tortoises sampled across thecreasing distance within categories. Notable exceptions to
Indian Ocean (Palkovacs et al., 2003) to 8&inys(for-  this were high kvalues at short distances for Galapagos
merly Clemmysnow alscActinemy$ marmoratasampled  tortoise populations of different islands (Ciofi et al., 2002)
across its range (Spinks and Shaffer, 2005); with an averaged low E,values at a large distance for Indian star tortoises
of 14.9 haplotypes in all studies. (Geocheloneelegan3 (Gaur et al., 2006). The lack of
Few studies looked directly at the question of whethecorrelation between genetic structure and geographic dis-
reduced habitat size, or increased isolation, led to changestance across studies means that at present, generalizations
genetic diversity. One exception was a comparative study @nd extrapolations from one species to another cannot be
painted turtles Chrysemyspicta) and spotted turtles made with much confidence.
(Clemmysguttatg living in small isolated ponds versus Few papers provided data that allowed for a com-
those in large connected ponds (Parker and Whitemaparison of genetic structure between mtDNA versus
1993). That study uncovered reduced genetic diversity imicrosatellite markers. In the seven papers where data
spotted turtles in small ponds, but found no effect on paintedere available, we detected a strong positive correlation
turtles. Tests for evidence of past bottlenecks and populatiqn? = 0.70;p = 0.011). If these values are translated into
expansion that were based upon equilibrium expectations estimates of gene flow (Nm, the number of migrants per
heterozygosity were presented in nine studies, beginning meneration; Slatkin, 1987), the average Nm value calcu-
2002 with a study indicating past bottlenecks in three popuated from the mtDNA data was 0.43 and that from
lations of the geometric tortoisegammobates geometri¢us microsatellite data was 2.6. Given an expected 2x greater
(Cunningham et al., 2002). Six other studies indicated pasgtene flow for nuclear versus mtDNA genes, on average
bottlenecks in at least some populations across a diversity tifere was 3.1x greater gene flow at nuclear genes than
habitats, including rugged islands (Beheregaray et al., 2003axpected, perhaps reflecting a tendency toward male-
2003b), deserts (Edwards etal., 2004a), woodlands (Schwalilased gene flow in turtles. However, any such conclu-
and Karl, 2005), sand prairies (Kuo and Janzen, 2004), argdons are tempered by problems associated in comparing
large river systems (Pearse et al., 2006a). In contrast, menetic markers that vary in the nature and rate of
evidence of bottlenecks was found in populations of thenutations.
angulate tortoiseQhersinaangulatg of coastal South Af- Patterns of gene flow as explained by an isolation-by-
rica (Lesia et al., 2003) or in Blanding's turflemydoidea distance (IBD) effect was discussed or tested in 12 papers.
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Ofthese, five papers stated that IBD likely occurred, but dighrocesses they were investigating, so it was often not clear
not test for it, and one paper tested for IBD but did not findvhether the studies were designed effectively. All papers
it in PodocnemigBock et al., 2001). The remaining six relied on mtDNA markers including mtDNA-RFLP, PCR-
papers tested for IBD using Mantel tests or spatiaRFLP, and sequencing approaches. Of these, 22 papers used
autocorrelation tests and found that it occurred (Scribner eontrol region data, 19 used by®2 included data from
al., 1986; Edwards et al., 2004a; Freedburg et al., 200Bnore than one mtDNA locus, and 11 papers compared their
Hauswaldt and Glen, 2005; Spinks and Shaffer, 2005) in gesults to nDNA analyses.
variety of habitats. Correlation coefficienty fanged from We observed a large range in the scope of the studies in
0.022 (Freedburg et al., 2005) to 0.79 (Hauswaldt and Gletgerms of sampling effort and geographic coverage. Total
2005). Distances over which IBD was found ranged widelysample sizes ranged from 14 to 802, with an average of 102
Scribner et al. (1986) used spatial autocorrelation to findamples across all studies. Notable sampling efforts in-
IBD operating on a scale of 1.5-3.5 km among differentluded comprehensive studies of Galapagos tortaises (
aquatic habitats imfrachemyscripta,and Freedberg et al. 802; Beheregaray et al., 2004) and the European pond turtles
(2005) used Mantel tests to find IBD among nesting Emysorbicularis) (n = 423; Lenk et al., 1999) across their
Graptemykohnii(nowpseudogeographiddemales along ranges. Across all studies, samples were collected from an
a 4 km lakeside beach. At the other extreme, IBD was founaverage of 19 localities (range of 2 to 117) with an average
for distances up to 3000 km among estuarine populations of 17 samples collected per site (range of 1.3 to 67). Study
Malaclemys terrapitfHauswaldt and Glen, 2005) and up to sites ranged from a local focus of under 100 km for Galapagos
4900 kminriver populations ®odocnemisxpansdPearse tortoises on Isabela Island (Beheregaray et al., 2003a) to
et al., 2006a). In terrestrial habitats, IBD was found inextensive studies across more than 4000 kr@foysemys
Gopherus agassizimong populations separated by dis-pictain North America (Starkey et al., 200Bmysorbicu-
tances up to 190 km (Edwards et al., 2004a). laris in Europe (Fritz et al., 2004%eochelonesulcatain
Genotyping. —Other powerful new approaches usedsub-Saharan Africa (Livoreil and van der Kuyl, 2005), and
the genotypes of individuals to assign them to the most likelyestuda@raecain North Africa and the Middle East (van der
population of origin based on tleepriori designation of Kuyl et al., 2005). However, across the majority of studies,
populations. These included assighment tests ithere was at best only limited sampling effort, both in terms
GENECLASS-2 (Piryetal., 2004), and WHICHRUN (Banks of numbers of individuals sampled per site and the geo-
and Eichert, 2000), and modelling approaches to defingraphic range and focus.
populations based on genotypes or allele frequencies as in Although a strong case has been made for taking a
STRUCTURE (Pritchard et al., 2000) or BAPS (Corander ecomparative phylogeographic approach, this has not been
al., 2004); for a review see Pearse and Crandall (2004the case for studies of freshwater turtles and tortoises. This
Thesetypes of tests have been used in 39% of the microsatelisesomewhat surprising given that it was through early
studies that provided population genetic data, with arange ebmparative studies of turtles that Walker and Avise (1998)
results. The lowest levels (30%) of assignment of individufirst demonstrated the value of phylogeographic studies.
als to the populations from which they were sampled werdvise (2000) recommended comparative approaches that
found in deserttortoise Gopherusagassizi) populations include the use of multiple genetic markers, multiple spe-
located within a 200 km radius (Edwards et al., 2004a)cies, and multiple types of data to investigate patterns of
In contrast, values of >90% were found in at least someoncordance. However, across the 46 papers analyzed, only
populations of Galdpagos tortoisé&shglonoidisnigra) three papers studied more than one turtle species and less
(Ciofietal., 2002; Russello et al., 2006), gopher tortoisethan half the papers (47.8%) used multiple genetic markers.
(Gopherus polyphemyéSchwartz and Karl, 2005), wood Of the three papers that analyzed multiple species, two of
turtles Glyptemys insculpda(Tessier et al., 2005), and these were the seminal phylogeographic studies, which used
Amazon river turtle®odocnemigxpansgPearse etal., 14 and 2 species each (Walker and Avise, 1998 and Walker
2006a). Important new applications of assignment testst al., 1998a, respectively), the remaining paper compared
included the assignment to populations of origin forthree species of turtles (Weisrock and Jansen, 2000). Within
confiscated turtles, as done recently for Indian star torthe discussion sections of Phylogeographic papers, there has
toises to inform repatriation efforts (Gaur et al., 2006)been some improvement over time, with an additional six
and for captive Galdpagos tortoises to better manageapers mentioning phylogeographic patterns in other turtles
captive breeding and repatriation programs (Burns et algr other species (i.e., fish). To date, little has been accom-
2003; Milinkovitch et al., 2004). plished in phylogeographic studies regarding the analysis of
Phylogeography— Analyses of phylogeographic data nuclear datasets in conjunction with mtDNA data, although
included 31 papers categorized in Phylogeography and daténe studies made comparisons to allozyme or microsatellite
from 15 additional papers that were categorized as primarilglata.Recently, Spinks and Shaffer (2005) demonstrated the
Phylogenetic or Population Genetics papers. Although mogtotential for problems with nuclear markers in their study of
of these papers aimed to better understand the historiemys(= Actinemy¥ marmorataacross its range. In their
processes leading to the observed phylogeographic patterpsper, sequence data from GAPDH and the intron R35 were
less than half (46.7%) stated a specific hypothesis about tilse lacking in variation that the authors dropped them from
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the analysis. However, Guiking et al. (2002) found thatomparison to blood and scutes, in which skin scrapings, but
genomic fingerprinting via ISSR-PCR provided new in-not scutes, provided reliable PCR products (Tessier and
sights into the history o€yclemysin comparison to se- Lapointe, 2003). In a summary techniques paper, a case was
guence data from dytadding promise for this approach. made for the continued use of allozymes, with Buth and
Walker and Avise (1998) argued that turtle species arRainboth (1998) providing detailed information on the op-
particularly useful for comparative phylogeographic studiegimized conditions for running 73 different allozyme loci in
to uncover historic landscape processes due to their fidelityirtles. Many new techniques are being explored and new
to sites, reduced dispersal, and longevity, which can prolongrimers continue to be developed; within this monograph,
the historic footprint. However, to date, few such comparasee McGaugh et al. (2007) for a review of new genetic
tive studies have been completed. Thus, there is a needdpproaches and see Engstrom (2007) for information on
increase the number of species studied across a region andudle primers for microsatellites and sequencing.
increase the number of genetic markers used to address these Mating Systems— Of the 13 papers on Mating Sys-
guestions. Through better understanding of phylogeographtems, two were review papers (Galbraith, 1993; Pearse and
patterns across species, we can more fully understand hdwwise, 2001), and the rest provided data on 10 species from
turtles are responding to landscape change across time asglven genera. Most studies< 11) surveyed wild popula-
relate this to present conservation concerns. There is alsdians, a few of which were part of long-term studies with
need to be more explicit regarding the testing of specifienarked individuals. Two studies focused on captive popula-
hypotheses when conducting phylogeographic and speciésns, in which mating opportunities were controlled (Palmer
delimitation studies and to analyze multiple genes whemt al., 1998; Johnson et al., 2006). Initially, the technique of
doing so. DNA fingerprinting (Galbraith et al., 1993) and allozymes
Techniques— Of the 16 papers classed under the(Scribner et al., 1993) were used to study mating systems.
Techniques category, 75% reported on the development éfowever, the current trend is to use microsatellites exclu-
new microsatellite markers. Interestingly, the first paper teively due to the larger number of alleles per locus. The
publish on turtle microsatellites reported on a microsatellitgrimary focus of most of the Mating Systems papers has
motif found within the control region of the African side- been to understand the extent of multiple paternity (MP) and
necked turtlePelomedusaubrufa(Zardoya and Meyer, the role of sperm storage, with limited attention focused on
1998b). This region has been confirmed in other turtles (e.gmplications for conservation. Whereas 35.7% of papers in
Serb et al., 2001; Pearse et al., 2006a) and its potentidiis category mentioned conservation or indicated the threat-
usefulness as a genetic marker has been considered (Zardeyed or endangered status of the species, it is only recently
and Meyer, 1998b). However, mtDNA microsatellites foundthat these papers have discussed the conservation implica-
in other species were shown to be fraught with problems du@ns of the mating system of the species studied (e.g., Moon
to heteroplasy within samples (Lundt et al., 1998). The trendt al., 2006; Pearse et al., 2006b; Roques et al., 2006).
to publish microsatellite primer notes began with primersfor ~ Multiple paternity of clutches was found in all studies in
the Blanding’s turtle (Osentoski et al., 2002), followed by Sthis category and most analyses suggested that it involved
papers published iMolecular EcologyNotesand one in  two or sometimes more males (Valenzuela, 2000; Pearse et
ConservationGenetics(King and Julian, 2004). The re- al., 2006b) (Table 5). Sperm storage was apparent in all
maining techniques papers reported on sample-collectiostudies that examined multiple clutches of females, both
protocols. This included one paper that compared a nomnvithin and between seasons. However, in many cases the
invasive sampling technique of using skin scrapings, imesults needed to be tempered by the limitations of small

Table 5. Mating system studies over time in freshwater turtles and tortoisesfifigferprint, allzy = allozyme, m’sat = microsatellite.

Species marker #loci #females #clutches #off- #offspring % MP  # fathers % offspring Reference
mean  spring range range of 1st father
Chelydra serpentina  FP 2 3 3 125 121013 66% 1to2 - Galbraith et al. 1993,
Galbraith 1993
Chrysemys picta m’'sat 2-3 32 113 55 1t013 12% 1to2 79% Pearse et al., 2001b
Chrysemys picta m’'sat 2-3 227 227 5.6 lto14 1% 1to2 ~85%  Pearse etal., 2002
Clemmysinsculpta FP n/a n/a 6 - - 33% - - Galbraith, 1993
Emys orbicularis m’'sat 6 11 20 6.9 5t0 10 10% 2 - Roques et al., 2006
Gopherus agassizii  allzy 3 12 12 5.6 5t08 50% 1lto2 - Palmer et al., 1998
Gopherus polyphemus’sat 9 7 7 7.6 4t011 29% 2? 57-80%  Moon et al., 2006
Podocnemis expansam’sat 8 2 2 325 16 to 46 100% 2to3+ 37-67%  Valenzuela, 2000
Podocnemis expansam’sat 7 32 32 21.4 9t0 76 9% 1to 2+ - Pearse et al., 2006a
Testudo graeca m’'sat 3 8 15 31 1to5 20% - - Roques et al., 2004
Testudo horsfieldi  m'sat 5 4 11 2.7 2t03 27% lto2 50% Johnston et al., 2006

4f the %MP is calculated only for clutches with >6 hatchling sampledl2 clutches), the value increases to 33% (Pearse et al., 2002)
for MP with previous years sperm

‘based on 28 clutches, the remaining 4 clutches averaged 71.8 sampled

dfemales not available for genotyping
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clutches, and small sample sizes, excepPfmiocnemis  multiple paternity and a positive relationship between male
which lay larger clutches (Table 5). Two studies were abléength and mating success, though sample sizes were small.
to demonstrate that multiple paternity sometimes results Two novel applications of mating systems to under-
from sperm storage from previous seasons. In captive desstand wild populations were presented, both involving
tortoises,Gopherusagassizii, multiple paternity had oc- Chrysemys pictdn a unique approach to understanding the
curred due to previous mating in the wild (Palmer et al.dynamics of mating systems, Scribner et al. (1993) analyzed
1998). In awild population @hrysemyspicta, studied over hatchlings (and juveniles) from particular nesting areas,
afour-year period, sperm storage from previous years wagather than from specific nests, to find that the genetic
contributor to multiple paternity (Pearse et al., 2001b). Istructure of cohorts varied across time and space within a
should be noted, however, that determining the existence afarsh. This information was applied to an understanding of
multiple paternity relies on being able to identify mutationsthe long-term dynamics of the population. In contrast, analy-
and mis-scored alleles. Unfortunately, few studies addresseik of clutch paternity was used in a novel way to test a mark-
quality-control issues, and some studies relied on a lowecapture technique, in which captures and recaptures were
number of loci (i.e., 2-3). This makes the determination ofletermined through an analysis of clutch paternity, using the
multiple paternity versus mutations a statistical exerciseglutches of different females each year (Pearse etal., 2001a).
sometimes with broad confidence intervals. Mutation ratefn this way, nine males were recaptured out of 133 clutches
were estimated for some of the studies and ranged from 8z8d estimates were made of the size of the local male
x 10*to 2.7 x 1€ (Valenzuela, 2000; Pearse et al., 2002 population and percent of breeders, though confidence inter-
2006b; Roques et al., 2004), indicating that mutations areals were large.
likely to be encountered in mating studies of turtles. Ofthese  Mating system studies in turtles have documented that
studies, only Roques et al. (2004) and Pearse et al. (200@ultiple paternity and sperm storage are common in turtles
were able to confirm the presence of some mutations bfsee also Pearse and Avise, 2001), but the application of this
observing size changes to the mother’s alleles in her ofknowledge to issues of conservation and captive breeding
spring. programs in turtles needs exploration (for a review, see Syed
Several important questions remain regarding the syret al., 2007). In general, there is a need for more rigorously
ergy between turtle mating systems and individual fithess iaddressing theoretical questions and increasing the scope of
turtles. Some studies have attempted to address the questioating system studies, including a better understanding of
of whether hatching success increases with multiple patesperm competition and long-term fitness. Future studies
nity, but with limited and conflicting outcomes. In a large should follow the lead of those studies that sampled the
study of Chrysemygicta, Pearse et al. (2002) found evi- mothers (and potential fathers where possible), used larger
dence in support of a positive correlation, and Roques et alample sizes and analyzed more loci, and applied their
(2006) found increased hatching success in the secomdsults to the ecology and conservation of turtles. With
clutches of femal&mysorbicularis if these were fathered relevance to mating systems and for conservation purposes,
by asecond male. However, inawild populaticBopherus  we need to know the extent to which hybridization is natural,
polyphemusthere was some evidence of reduced hatckand if so, how to incorporate that information into conserva-
success in 2 of 7 clutches showing multiple paternity (Moottion programs (Parham et al., 2001; Stuart and Parham,
etal., 2006). Few studies have aimed to evaluate male fitne8804; Spinks and Shaffer, 2005, 2006). This can be a
correlates, even though all document variable mating sugarticularly difficult issue if not well explained to policy
cess by males in multiply-sired clutches, including variatiormakers, given the potential confusion over a species’ status
in male success across multiple clutches. Additionally, somie conservation legislation.
males were found to have mated with more than one female Hybrids — Issues of hybridization in natural popula-
in studies of wild populations &hrysemysgicta(Pearse et tions and confusion over the naming of species that were
al., 2001b, 2002) aridmys orbicularigMoon et al., 2006). later shown to be unnatural hybrids from captive bred
In Emys orbicularisMoon et al. (2006) found evidence of populations were the topics of 36 (13.7%) of the reviewed
a negative relationship between female size and rates phpers (Table 6). Of these papers, 26 studied natural popu-

Table 6. Analysis of reviewed papers by category that discussed hybrids or issues of hybridization.

No. papers/ No. mentioned No. focused Total no. dealing % of % of

Category category hybrids on hybrids with hybrids category all papers
Phylogeny 66 8 5 13 19.7 5.0
Taxonomy 56 6 6 12 21.4 4.6
Molecular Evolution 41 2 0 2 4.9 1.9
Population Genetics 39 3 1 4 10.3 15
Phylogeography 31 5 0 5 16.1 1.9
Techniques 16 0 0 0 0.0 0.0
Mating Systems 13 0 0 0 0.0 0.0
Total (or Average) 262 24 12 36 (Avg 10.3) 14.9
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lations, seven focused on captive turtles, and the remainirgiteria that they (1) mentioned conservation in their intro-
three tested hybrid individuals of unknown origin. Evidenceduction, (2) provided recommendations, and (3) also had the
of hybridization between species or subspecies was prerord ‘conservation’ in their title or the paper was published
sented in 18 of the papers, with four papers relying only oim a conservation or environmental journ@hi{mal Conser-
MtDNA, seven using nDNA, and the remaining seven pavation, Biological Conservation, Chelonian Conservation
pers using both types of markers. Since the 1950s, severid Biology, Conservation Biology, Conservation Genetics,
papers used genetic techniques to confirm the presence @f Ecotoxicology. Under this more restricted definition,
natural hybrids in wild populations (e.g., Zweig andPopulation Genetics papers dominated the conservation
Crenshaw, 1957; Crenshaw, 1965b; Seidel and Atkinditerature with 15 papers, followed by Phylogeography (7
1987; Georges et al., 2002) or to conclude that past hybrighapers) and Phylogeny (5 papers). There were only two
ization must have occurred to produce observed phyloggapers on Mating Systems that focused on conservation and
netic relationships (e.g., Spinks et al., 2004; Spinks anthese discussed issues of effective population size and man-
Shaffer, 2006). agement implications (Pearse et al., 2006b; Roques et al.,
We noted a concern in the literature that rates of hybrid2006). No Techniques papers were focused on conservation,
ization in the wild may increase due to anthropogenic effectsince most papers reported on the development of
of habitat alteration, reductions in population size, andnicrosatellite makers to address conservation issues. All of
transport of individuals. Crenshaw (1965b) recognized thesine conservation-focused papers were all relatively recent
problems in hybrid populations &fseudemys rubiventris (i.e., since 1994); the first were population genetics papers
andP.floridana(nowconcinng, in which large variationin  on gopher tortoises (Morafka et al., 1994) @elmmyg=
population sizes between the two species was seen aloAgtinemyymarmorata(Gray, 1994).
hybrid zones, and in one locality a man-made lake had Within their respective categories, Population Genetics
provided the opportunity for hybridization. Particularly for papers had the highest percentage of papers focused on
turtles, which have a long history as pets or as a food souraggnservation, followed by Phylogeography (38.5 and 24.1%,
intentional hybridization through captive breeding and hutespectively). However, in both categories, the papers were
man transport are likely scenarios in many areas. Severtlirly limited in geographic scope. Most studies were con-
cases were documented of mistaken identity of describedlicted in North America, six papers reported on populations
species that genetic studies later revealed to be hybrids (e.m,South America, two studies were performed in Africa
Parham et al., 2001; Shi et al., 2005; Stuart and ParharfCunningham et al., 2002; Livoreil and van der Kuyl, 2005),
2006), and others have verified the ability of freshwateand one study each focused on turtles from Madagascar
turtles to hybridize (e.g., Yasukawa et al., 1992; Schilde gi_euteritz et al., 2005), India (Gaur et al., 2006), and China
al., 2004; Buskirk et al., 2005). There is also genetic evi(Stuart and Parham, 2006). Included here were important
dence that turtles have likely been transported by people inforensics papers that demonstrated the presence of illegally
new habitats (Sato and Ota, 1999; Alavarez et al., 2000; Fritrarvested turtles at meat markets in the southeastern USA
etal., 2004), which may lead to hybridization. Surprisingly,(Roman and Bowen, 2000), and on the identification of
no thorough investigation of turtles in a hybrid zone has yetegional origins for confiscated Indian star tortoises for
been completed to determine the specifics of the matingurposes of repatriation (Gaur et al., 2006).
patterns and the geographic extent of introgression; this is  Given the need to have a clear taxonomy based on a
clearly an area for future research. resolved phylogeny, and because of the strong arguments
Conservation— Across all reviewed papers, 32.8% of that have been put forward about this need (in this mono-
papersif = 86) made some mention of conservation and ofraph, see Iverson et al., 2007; Lehn et al., 2007; Syed et al.,
these, 25.6%(= 67) provided conservation recommenda-2007), there was a surprising lack of focus on issues of
tions (Table 7). However, of the 67 papers providing conseiconservation within papers in both the Phylogeny (7.9% of
vation recommendations, most of these comments were papers) and Taxonomy (1.6% of papers) categories. How-
limited extent. Only 31 papers (11.9% of total) could beever, these papers had a broader scope, from the USA to
considered as papers focused on conservation, based $auth America, China and SE Asia, and they were focused

Table 7.Conservation analysis of reviewed papers by category; Cons. = conservation, rec. = recommendations.

Category No. papers/  Cons. mentioned Cons. rec. Cons. mentioned % Total % Total Cons.
category in introduction provided anywhere Cons. across all papers

Population Genetics 39 31 30 31 79.5 11.9
Phylogeny 66 17 11 17 27.0 6.5
Phylogeography 31 12 13 15 51.7 5.7
Techniques 16 9 2 9 56.3 34
Taxonomy 56 5 5 7 115 2.7

Mating Systems 13 5 4 5 38.5 1.9
Molecular Evolution 41 1 2 2 5.0 0.8

Total (or Average ) 262 80 67 86 (Avg 38.5) 33.0
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on determining the status of species of high conservatiograms, see Turtle Conservation Genetics Working Group
concern and determining unique lineages in need of consg2007) and Syed et al. (2007) in this monograph.
vation (i.e., Parham et al., 2001, 2004; Engstrom et al., 2002;
Russello et al., 2006; Spinks and Shaffer, 2006; Stuart and CONCLUSIONS
Parham, 2006). AND FUTURE DIRECTIONS

We constructed a summary list of all species that were
included in the reviewed papers to show (1) the number of  Genetic studies of turtles have been among the earliest
times each species was covered by the different categoriesgdnetic studies, and the rapid application of new genetic
papers, and (2) their status if listed on the IUCN Red Listools and analytical techniques is apparent within the litera-
(IUCN, 2006). This resulted in 1675 records (Appendix 1) ture on turtles. This review represents the first attempt to
which allowed an assessment of whether efforts at a speciassemble and examine a substantial number of published
level correlated with conservation needs. By far, the greatestudies on freshwater turtle and tortoise genetics. Turtle
number of records were for species in the Testudinoidegeneticists began using molecular genetic techniques in the
(44.8%) and Emydidae (23.1%), followed by the Chelidagoast primarily to study turtle systematics and the structure of
(10.0%) and Kinosternidae (9.4%); the remaining familieschromosomes. Since these initial studies, the techniques and
represented < 5% of the records. These records represenarkers have improved, and we are now able to provide
only a small percentage of species that are likely to neegreater resolution to phylogenetic analyses and to discover
conservation attention. If we define ‘species of concern’ aaspects of turtle biology that previously were recoverable
those that are IUCN-listed (IUCN, 2006) as Extinct in theonly after several years of ecological sampling (see Turtle
Wild, Critically Endangered, Endangered, or Vulnerable Conservation Genetics Working Group, 2007; McGaugh et
they were represented across all families by 43.6% of thal., 2007). It is now possible to estimate levels of gene flow
records and by the four families as follows: Testudinoideaising a diversity of markers, to estimate migration rates and
51.2%, Emydidae 27.1%, Chelidae 34.2%, and Kinosternidadentify potential migrants, and to determine whether there
13.6%. Conversely, 85.2% of ‘species of concern’ werds sex-biased gene flow. Markers can be used to quantify the
included to some degree in the data of the reviewed paperslatedness between individuals within a population or sam-
Overall, the majority (84%) of studies on species of concerpling site, and population boundaries can be defined to
were from Phylogeny (67.8%) and Taxonomy (16.3%)inform managementscale and strategies. For example, know-
papers, and it appears that many of these records arise framg how connected different subunits of a population are
including these species in multi-species phylogenies, withhelps to resolve the spatial scale necessary for effective
out necessarily being a focus of the paper. Furthermore, onbpnservation.
6.9% of the records of ‘species of concern’ were associated Our review revealed that (1) studies conducted on
with Population Genetics or Phylogeography papers. Iversofnieshwater turtles and tortoises in North America dominate
et al. (2007) stated that the genera most in need of phylogthe literature; (2) Phylogenetic and Taxonomic studies rep-
netic resolution arePelusios, Podocnemis, Testudo, resent the top two categories of papers published on these
Kinosternon, Batrachemys, Elseya, Trachemys, Graptemyspecies, though Molecular Evolution and Population Genet-
andPseudemysvithin which there are currently 25 ‘species ics papers are increasingly represented in recent publica-
of concern’. The conclusion of those authors reflects théons; (3) the majority of studies use either mitochondrial or
need for a more focused persistence in many cases, as thetelear markers, not a combination of the two classes of
are already 289 records of those genera in Phylogenetic antharkers; (4) few papers are focused on issues of conserva-
Taxonomy papers; representing 17.3% of all records, ydion, and these are mostly limited to Population Genetics and
major questions remain. Phylogeographic studies; and (5) though progress has been

It was apparent in our review that conservation thememade, there is a need for a broader and more rigorous study
were not pervasive across all categories of papers, evenanthis imperiled group of vertebrates. Thus, there are strong
recent years. However, whereas previously it was accepteeds for (1) the international community to support re-
able to routinely sacrifice turtles to conduct the research, thisearchers outside of North America in conducting turtle
is now an infrequent occurrence. This change in attitude mayenetics research; (2) collaborations to resolve the remain-
largely be due to changing techniques that no longer requireg Phylogenetic and Taxonomic questions; (3) develop-
specific tissues, as well as changing attitudes about acceptient of reliable markers, particularly new nDNA markers,
able sampling protocols and ethics (see Burke et al., 2007r use in multilocus approaches; (4) greater emphasis on the
Within a conservation context, there is a need for improvedpplication of genetics to conservation issues in turtles; and
vouchering of specimens, including properly referenced5b) increased sample sizes, geographic scope, and analytical
tissue collections obtained through ethical decision makinggor to produce more meaningful results.
(see Lehn et al., 2007). We hope that this review highlights  Future Conservation Efforts— We did not find a
the worldwide need for turtle conservation research usingtrong emphasis on conservation issues in the literature we
molecular genetic techniques. For reviews on the potentiakviewed, or on informing mangers or policy. Unfortu-
scope of conservation genetics for turtles and on the need foately, this lack of emphasis is also pervasive across conser-
genetic data in captive breeding and reintroduction provation biology journals. In a review of recent (i.e., since
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2001) papers published in three top conservation biolog2003/051503.xml>). For these turtles, only nine papers
journals, Fazey et al. (2005) found that only 37% and 20%geported on their phylogeography or population genetics;
of papers were highly relevant to management or policygight of these were on the Galdpagos tortoise, and one
respectively. Additionally, only 13% of papers evaluatedfocused on the geometric tortoise of South Africa
conservation actions, and these were typically related tCunningham et al., 2002). There is obviously a great deal
restoration, translocations, or species recovery efforts. Hownore to be done. A primary goal of this review has been to
ever, even if the numbers were higher, Pullin et al. (2004glucidate where the gaps in our knowledge exist, particularly
found that managers do not usually use scientific paperggarding conservation needs, in the hopes of inspiring both
when developing management plans. This indicates thatew and current turtle researchers to conduct appropriate
even if more papers took a conservation focus, it may not k&tudies and to disseminate their results to those who need the
enough of an effort, thus, there is a growing need to commiunformation. The time to act is upon us.
nicate our science to policy makers.
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high relevance to policy or management. One importanturtle Genetics workshop held from 7-12 August 2005 at
consideration that is not apparent in this review is the extemdarvard University. Additional financial support for the
to which turtle geneticists have provided their results tavorkshop came from the Museum of Comparative Zoology
managers and policy makers in the form of technical reportéiarvard University), Chelonian Research Foundation, and
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attention (e.g., because of the current Asian Turtle Crisis;
van Dijk etal., 2000), there are still arelatively small number LITERATURE CITED
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Appendix 1. All species for which genetic data was provided in the reviewed papers, including IUCN status and the number of times the
species was included in each category of reviewed papers. Also included are all freshwater turtles and tortoises lI&tENBODE

Red Listas Extinct in the Wild (EW), Critically Endangered (CR), Endangered (EN), Vulnerable (VU), or Data Deficient (DD) for which
genetic data were provide@ategory abbreviations are: Mating, Mating Systems; ME, Molecular Evolution, P’geny, Phylogeny; P'geo,
Phylogeography; PG, Population Genetics; Tax, Taxonomy; Tech, Technology. Note: The values represent any inclusion pftgata abou
particular species, and do not imply that the studies were focused on that species.

Iprevious names follow Turtle Taxonomy Working Group (2007b), previous names provided on subsequent lines

2]JUCN abbreviations are: EX, extinct; EW, extinct in wild; CR, critically endangered; EN, endangered; VU, vulnerable, ISR; fo®; ot

on the IUCN Red List (IUCN 2006). *listed on [IUCN Red List (IUCN 2006) under previous name.

Species IUCN Status Mating ME P'geny P'geo PG Tax Tech Total
Cryptodira
Chelydridae
Chelydra serpentina n/a 2 6 12 2 4 1 27
Macrochelys temminckii VU (1994) 2 6 1 2 2 13
Dermatemydidae
Dermatemys mawii CR (2001) 2 7 2 11
Kinosternidae/Kinosterninae
Kinosternon acutum LR (1994) 2 2
Kinosternon alamosae n/a 2 2
Kinosternon angustipons VU (1994) 0
Kinosternon bauri 2 6 3 4 1 16
Kinosternon chimalhuaca n/a 1 1
Kinosternon dunni VU (1994) 1 1
Kinosternon flavescens n/a 3 7 3 13
Kinosternon herrerai n/a 2 2
Kinosternon hirtipes n/a 1 5 1 7
Kinosternon integrum n/a 1 2 3
Kinosternon leucostomum  n/a 2 2
incl.K. spurrelli -
Kinosternon oaxacae LR (1994) 4 4
Kinosternon scorpioides n/a 4 5 7 16
incl. K. cruentatum
Kinosternon sonoriense VU (1994) 4 4
Kinosternon subrubrum n/a 3 5 2 4 14
Sternotherus carinatus n/a 5 3 8
Sternotherus depressus VU (1994) 4 1 1 6
Sternotherus minor n/a 2 5 2 3 12
incl. Kinosternon minor -
Sternotherus odoratus n/a 2 13 2 4 21
Staurotypinae
Claudius angustatus LR (1994) 2 2 4
Staurotypus salvinii LR (1994) 4 2 2 8
Staurotypus triporcatus LR (1994) 1 9 1 11
Emydidae
Deirochelyinae
Chrysemys picta n/a 3 7 9 1 3 7 1 31
Deirochelys reticularia n/a 2 4 1 4 11
Graptemys babouri LR (1994) 3 2 5
Graptemys caglei VU (1994) 3 3
Graptemys ernsti LR (1994) 3 3
Graptemys flavimaculata EN (1994) 3 2 5
Graptemys geographica n/a 1 5 2 2 10
Graptemys gibbonsi LR (1994) 3 3
Graptemys nigrinoda LR (1994) 3 1 4
Graptemys oculifera EN (1994) 3 1 4
Graptemys ouachitensis n/a 2 1 1 4
Graptemys psuedogeographiaaa 4 7 1 1 7 20
Graptemys pulchra n/a 3 1 4
Graptemys sabinensis n/a 1 1 2
Graptemys versa LR (1994) 3 1 4
Malaclemys terrapin LR (1994) 2 5 1 1 4 1 14
Pseudemys alabamensis EN (1994) 2 2
Pseudemys concinna n/a 2 1 1 1 10 16
incl. P. mobilensis -
Pseudemys gorzugi LR (1994) 1 1
Pseudemys nelsoni n/a 1 1
Pseudemys rubriventris LR (1994) 2 1 1 4
Pseudemys texana n/a 2 2
Trachemys adiutrix EN (1994) 0
Trachemys callirostris n/a 1 1
Trachemys decorata VU (1994) 1 4 5
incl. Chrysemys decorata -
Trachemys deucssata n/a 3 3
Trachemys dorbigni n/a 1 1
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Trachemys emolli n/a
Trachemys gaigeae VU (1994)
Tracehemys ornata n/a
Trachemys scripta LR (1994)

incl. Chrysemys scripta -

incl. Pseudemys scripta -
Trachemys stejnegeri LR (1994)
Trachemys terrapen VU (1994)

incl. Chrysemys terrapen -
incl. Ttrachemys felis -

Emydinae

Trachemys venusta n/a
Trachemys yaquia n/a
Actinemys marmorata *

incl. Emys marmorata -
incl. Clemmys marmoratavU (1994)

Clemmys guttata VU (1994)

Emydoidea blandingii LR (1994)
incl. Emys blandingii -

Emys orbicularis LR (1994)

Emys trinacris n/a
Glyptemys insculpta VU (1994)
incl. Clemmys insculpta -
Glyptemys muhlenbergii *
incl. Clemmys muhlenbergiN (1994)

Terrapene carolina LR (1994)
Terrapene coahuila EN (1994)
Terrapene nelsoni DD (1994)
Terrapene ornata LR (1994)

Platysternidae

Platysternon megacephalugN (1994)

Batagur baska CR (1994)
Callagur borneoensis CR (1994)
Chinemys nigricans EN (1994)

incl. Chinemys kwangtungensis

Cuora amboinensis VU (1994)

Cuora aurocapitata CR (1994)

Cuora flavomarginata EN (1994)

Cuora galbinifrons CR (1994)

Cuora mccordi CR (1994)
*

Cuora mouhotii
incl. Pyxidea mouhotii EN (1994)

Cuora pani CR (1994)
Cuora picturata n/a
(Cuora serrata) n/a
hybrid
Cuora trifasciata CR (1994)
Cuora yunnanensis EX (1994)
Cuora zhoui CR (1994)
Cyclemys atripons n/a
Cyclemys dentata LR (1994)
Cyclemys oldhamii n/a
Cyclemys pulchristriata n/a
Cyclemys shanensis n/a
Geoclemys hamiltoni VU (1994)
Geoemyda japonica EN (1994)
Geoemyda spengleri EN (1994)
Hardella thurjii VU (1994)
*

Heosemys annandalei
incl. Hieremys annandaliiEN (1994)

Heosemys depressa CR (1994)
Heosemys grandis VU (1994)
Heosemys spinosa EN (1994)
Kachuga dhongoka EN (1994)
Kachuga kachuga CR (1994)
Kachuga trivittata** EN (1994)

Leucocephalon yuwonoi CR (1994)
Malayemys subtrijuga VU (1994)
Mauremys annamensis  CR (1994)

Mauremys caspica n/a

(Mauremys iversoni) DD (1994)
hybrid

Mauremys japonica LR (1994)

Mauremys leprosa n/a

(Mauremys megalocephala) n/a
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Chinemys megalocephalaybrid -

Mauremys mutica EN (1994) 14 5 19

Mauremys nigricans * 6 1 7
Chinemys nigricans  EN (1994)

(Mauremys pritchardi) DD (1994) 1 1 2
hybrid

Mauremys reevesii * 3 24 1 4 2 34
Chinemys reevesii EN (1994)
Chinemys megalocephaiN (1994)

Mauremys rivulata n/a 4 2 1 1 8

Mauremys sinensis * 2 8 2 12
Ocadia sinensis EN (1994)

Melanochelys tricarinat VU (1994) 0

Melanochelys trijuga LR (1994) 7 7

Morenia ocellata VU (1994) 3 1 4

Morenia petersi VU (1994) 0

Notochelys platynota VU (1994) 8 8

(Ocadia glyphistoma) DD (1994) 1 1 2
hybrid

(Ocadia philippeni) DD (1994) 1 1 2
hybrid

Orlitia borneensis EN (1994) 2 8 10

Pangshura smithii * 4 4
Kachuga smithii LR (1994)

Pangshura tecta * 1 2 4 7
Kachuga tecta LR (1994)

Pangshura sylhetensis * 0
Kachuga sylhetensis EN (1994)

Pangshura tentoria * 2 2
Kachuga tentoria LR (1994)

Rhinoclemmys annulata LR (1994) 2 2

Rhinoclemmys areolata n/a 2 4 1 7

Rhinoclemmys diademata  n/a 2 1 3

Rhinoclemmys funerea LR (1994) 6 1 7

Rhinoclemmys melanosterna n/a 2 2

Rhinoclemmys nasuta LR (1994) 1 1

Rhinoclemmys pulcherrima n/a 1 5 2 8

Rhinoclemmys punctularia  n/a 1 5 3 9

Rhinoclemmys rubida VU (1994) 0

Rhinoclemmys sp. n/a 5 5

Sacalia bealei EN (1994) 1 10 3 14

(Sacalia pseudocellata) DD (1994) 1 1
hybrid

Sacalia quadriocellata EN (1994) 5 1 1 7

Siebenrockiella crassicollisvU (1994) 3 7 3 13

Siebenrockiella leytensis * 2 2
Heosemys leytensis  CR (1994)

Vijayachelys silvatica * 0
Geoemyda silvatica  EN (1994)

Testudinidae

Aldabrachelys arnoldi n/a 3 2 5
Dipsochelys arnoldi

Aldabrachelys daudini n/a 1 1

Aldabrachelys grandidieri n/a 1 2 3

Aldabrachelys hololissa n/a 5 5

Astrochelys radiata VU (1994) 4 2 1 7
Geochelone radiata

Astrochelys yniphora EN (1994) 4 1 5
Geochelone yniphora

Chelonoidis carbonaria n/a 2 5 2 4 13
Geochelone carbonaria

Chelonoidis chilensis * 1 3 2 1 7
Geochelone chilensis VU (1994)

Chelonoidis denticulata 2 7 2 4 15
Geochelone denticulatavU (1994)

Chelonoidis nigra 1 5 5 3 1 15
Geochelone nigra VU (1994)

incl. Geochelone elephantopus

Chelonoidis petersi n/a 1 1
Geochelone petersi -

Chersina angulata n/a 1 1 2

Cylindraspis borbonica n/a 1 1
extinct

Cylindraspis indica n/a 1 2 3

Testudo indica
incl. Testudo graii
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extinct

Cylindraspis inepta n/a
extinct

Cylindraspis peltastes n/a
extinct

Cylindraspis triserrata n/a
extinct

Cylindraspis vosmaeri n/a
extinct

Dipsochelys dussumieri *

Aldabrachelys dussumieri

incl. Aldabrachelys gigantea-

incl. Aldabrachelys gouffei -

incl. Aldabrachelys ponderosa

incl. Aldabrachelys sumeirei -

incl. Geochelone gigant&aJ (1994)
Eurotestudo hermanni *

Testudo hermanni LR (1994)
Geochelone elegans LR (1994)
Geochelone elephantopusVU (1994)

Geochelone platynota CR (1994)
Geochelone sulcata VU (1994)
Gopherus agassizii VU (1994)
Gopherus berlandieri LR (1994)

Gopherus flavomarginatusvVU (1994)

Gopherus polyphemus VU (1994)
Homopus aerolatus n/a
Homopus boulengeri n/a
Homopus signatus n/a
Indotestudo elongata EN (1994)
Indotestudo forstenii EN (1994)

Indotestudo travancorica VU (1994)
Kiniyxs erosa DD (1994)
Kiniyxs homeana n/a

Malacochersus tormieri VU (1994)
Manouria emys EN (1994)
Manouria impressa VU (1994)
Psammobates geometricuEN (1994)
Psammobates tentorius n/a

Pyxis arachnoides VU (1994)
Pyxis planicauda EN (1994)
Stigmochelys pardalis n/a
Testudo gigantea n/a
Testudo graeca VU (1994)
Testudo kleinmanni CR (2001)
Testudo marginata LR (1994)
incl. T. weissingeri -
Testudo horsfieldii VU (1994)

Agrionemys horsfieldii

Carettochelyidae

Carettochelys insculpta VU (1994)

Trionychidae/Cyclanorbinae

Cyclanorbis elegans LR (1994)
Cyclanorbis senegalensis LR (1994)

Cycloderma aubryi n/a
Cycloderma frenatum n/a
Lissemys punctata LR (1994)
Lissemys scutata DD (1994)
Trionychinae

Amyda cartilaginea VU (1994)
Apalone ferox n/a
Apalone mutica n/a
Apalone spinifera *
Apalone ater CR (1994)

Aspideretes gangeticus VU (1994)

Aspideretes hurum VU (1994)
Aspideretes leithii VU (1994)
Aspideretes nigricans EW (2001)
Chitra chitra CR (1994)
Chitra indica EN (1994)
Chitra vandijki n/a

Dogania subplana LR (1994)
Nilssonia formosa EN (1994)
Palea steindachneri EN (1994)
Pelochelys bibroni VU (1994)
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Pelochelys cantorii EN (1994) 3 3
Pelodiscus sinensis VU (1994) 4 8 1 1 14
incl. Amyda japonica -
Rafetus euphraticus EN (1994) 1 1
Rafetus swinhoei CR (1994) 0
Trionx triunguis n/a 1 1 2
Pleurodira
Chelidae
Acanthochelys macroceph&R (1994) 1 1 2
Acanthochelys pallidipectoN&) (1994) 3 1 4
Platemys pallidipectoris
Acanthochelys radiolata LR (1994) 1 1
Acanthochelys spixii LR (1994) 1 1 2
Platemys spixii -
Chelodina burrungandijii n/a 1 1
Chelodina expansa n/a 3 1 4
Chelodina longicollis n/a 2 11 3 16
Chelodina mccordi CR (1994) 1 1
Chelodina novaeguineae LR (1994) 3 3
Chelodina oblonga LR (1994) 5 1 6
Chelodina parkeri VU (1994) 1 1
Chelodina pritchardi EN (1994) 1 1
Chelodina reimanni LR (1994) 1 1
Chelodina rugosa * 7 1 8
incl.C. siebenrocki LR (1994)
Chelodina steindachneri n/a 2 1 3
Chelus fimbriata n/a 1 10 3 14
Elseya bellii EN (1994) 0
Elseya branderhorstii VU (1994) 0
Elseya dentata n/a 6 1 7
Elseya georgesi DD (1994) 1 1
Elseya latisternum n/a 10 1 11
Elseya novaeguineae LR (1994) 2 2
Elseya purvisi DD (1994) 1 1
Elusor macrurus EN (1994) 5 5
Emydura macquatrii * 6 3 9
incl. E. krefftii
incl. E. signata LR (1994)
Emydura subglobosa LR (1994) 3 3
Emydura victoriae n/a 2 1 3
Hydromedusa maximiliani VU (1994) 1 1 2
Hydromedusa tectifera n/a 3 1 4
Mesoclemmys dahli * 1 1
Phrynops dahli CR (1994)
Mesoclemmys gibba n/a 7 3 10
Mesoclemmys zuliae * 0
Phrynops zuliae VU (1994)
Rhinemys hogei * 0
Phrynops hogei EN (1994)
Phrynops geoffroanus n/a 3 1 4
Phrynops hilarii n/a 1 1
Phrynops rufipes n/a 1 1 2
Platemys platycephala n/a 3 4 3 10
Pseudemydura umbrina CR (1994) 4 4
Rheodytes leukops VU (1994) 4 1 5
Pelomedusidae
Pelomedusa subrufa n/a 2 9 4 1 16
Pelusios broadleyi VU (1994) 0
Pelusios castaneus n/a 1 1 2
Pelusios niger n/a 1 1
Pelusios sinuatus n/a 3 2 5
Pelusios subniger LR (1994) 1 1 3 5
Pelusios upembae DD (1994) 0
Pelusios williamsi n/a 1 4 5
Podocnemidae (Podocnemididae)
Erymnochelys madagascarierisié (1994) 2 3 1 6
Peltocephalus dumerilianus'U (1994) 2 3 5
Podocnemis erythrocephaiU (1994) 1 1
incl. Podocnemis cayennensis
Podocnemis expansa LR (1994) 2 1 5 4 4 16
Podocnemis lewyana EN (1994) 3 3
Podocnemis sextuberculats(U (1994) 3 3
Podocnemis unifilis VU (1994) 1 1 1 7 10
Podocnemis vogli n/a 3 3

TOTAL 13 170 977 74 a7 370 24 1675
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AssTrRACT. — Molecular methods are a powerful complement to traditional field practices in
illuminating the evolution and ecology of turtles. We illustrate how standard approaches such as
DNA sequencing and microsatellites have, and will continue, to shed light on numerous aspects of
turtle biology. We also forecast the impact of selected technologies such as amplified fragment length
polymorphisms (AFLPs), small interspersed nuclear elements (SINESs), single nucleotide polymor-
phisms (SNPs), bacterial artificial chromosome libraries (BACs), and gene expression techniques.
These tools continue to help clarify the demography, population genetics, phylogeography, and
phylogenetics of turtles, and hold great potential to elucidate developmental and life history questions
in this group. This additional insight, allowed by molecular methods, may ultimately aid in the
preservation of turtles by honing conservation and management efforts.

Key Worps. — turtles, small interspersed nuclear elements (SINESs), single nucleotide polymorphisms
(SNPs), bacterial artificial chromosome libraries (BACs), gene expression, microsatellites, mito-
chondrial DNA, amplified length polymorphisms (AFLPS)

Molecular genetic techniques have allowed invaluableon numerous aspects of turtle biology (see Fig. 1), and we
insight while complementing traditional field and morpho-also forecast the impact of a selected few new techniques
logical studies fundamental to ecological and evolutionarguch asbacterial artificial chromosome libraries and
questions. Especially welcomed by the turtle community arenicroarrays.
non-invasive methods that have been a greattool in elucidat-

ing demographics (Pearse et al., 2001), mating systems MOLECULAR MARKERS
(Pearse etal., 2002), golalylogeneticandphylogeographic
(see glossary for highlighted words) relationships (Spinks et Mitochondrial Genes and Genomes

al., 2004; Spinks and Shaffer, 2005; Krenz et al., 2005;
Parham et al., 2006b) in these long-lived, wide-ranging, and  Mitochondria are small organelles found in the cyto-
often highly endangered taxa. In addition to the well-estalplasm of eukaryotic cells that possess their ganomes
lished and widely used genetic methods, emerging techhat encode products crucial to cellular adenosine triphos-
niques will allow studies of genome-wide variation and geng@hate (ATP) production. The typical vertebrate mitochon-
expression, thereby accessing some important questionsdnial (mt) genome is a circular, haploid genome (ca. 16,500
turtle biology. Implementing such technologies has théase pairs) that contains §&nes(Boore, 1999). Because
potential to revolutionize our ability to address ecologicathe mt genome is usually transmitted maternally, and gener-
and evolutionary questions in turtles, including adaptationally lacks recombination, it is inherited as a sinlgleus
longevity, and sex determining mechanisms, and this inforfAvise, 2004). These features, along with a relatively high
mation will ultimately be useful in conservation efforts.  mutation rate, make sequences fronmth®NA locus ideal
This review is intended to highlight the capabilities andfor many kinds of evolutionary studies (Fig. 1).
limitations of traditional and emerging molecular tech-  Bowen et al. (1989) and Lamb et al. (1989) were the
niques while emphasizing their utility in studies of conser{irst workers to apply mtDNA data to chelonian ques-
vation, evolution, and ecology of turtles. We show howtions, using variation in mtDNA to assess
standard approaches such as DNA sequencing amghylogeographic structure i€helonia mydasand
microsatellite analysis have, and will continue, to shed lightGopherus agassizirespectively. The first complete mt
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Figure 1.Diagram representing the continuum of genetic variation exhibited in biological systems, from the smallest amount of molecular
differences (light) distinguishing conspecific individuals to the greatest amount of genetic divergence (dark) seen b &igeestgajly

distant taxa. Particular fields of inquiry within ecology and evolutionary biology typically deal with only a subset affieistgif genetic

variation and therefore only certain markers will be appropriate for such fields. The text elaborates on technical ealckpgsti of

each tool’s utility within this context. Technological advances may enable each class of molecular markers to span beyoddrike b
illustrated here, which show where markers are well-suited (dark) or of limited utility (light).

genome sequenced from a turtRe(omedusa subrufa been the most widely used molecular markers to recon-
was used to assess the phylogenetic position of turtlegruct population histories and assess phylogeographic
relative to other amniotes (Zardoya and Meyer, 1998)structure in turtle species (Fig. 2; e.g., Starkey et al.,
while the first study to use mt genome data exclusively i2003; Spinks and Shaffer, 2005).
turtles examined the phylogenetic relationships of a  Species ldentification and Forensics.Because mul-
small group of Old World tortoises includinigestude  tiple copies of the mitochondrion exist in each cell, mtDNA
IndotestudpandMalacochersugParham et al., 2006b). analysis can be particularly useful in identifying the taxo-
nomic or geographic origin of otherwise unidentifiable or
Applications of mtDNA poor quality samples (e.g., cooked meat, egg shells, cara-
pace, blood smears, feces). For example, Hsieh et al. (2006)
Demography and Population Genetics.Mitochon-  sequenced sections of cytochroméo identify Kachuga
drial DNA has been widely used to study processes thaecta from poorly stored shells, helping the Council of
determine the geographic distribution of genetic diversityAgriculture in Taiwan positively document violations of
within and among populations. Early comparisons of popu€ITES regulations. In another case, Roman and Bowen
lation genetic structure in mtDNA and nuclear markerq2000) used mtDNA to assess whether turtle mesduth-
performed inChelonia mydasvere landmark studies in eastern U.S. markets was harvested from legitimate sources
demonstrating how sex-biased gene flow in turtles could be.g., unprotected species). This study showed that even alliga-
inferred from such data (Karl et al., 1992, FitzSimmons etor meat was being sold as turtle and led the authors to coin the
al., 1997a,b). Beyond elucidating the current spatial distriname “mock turtle syndrome” (Roman and Bowen, 2000).
bution of genetic variation, mtDNA has been used in other  Mitochondrial DNA can be used in conjunction with
vertebrate systems to examine change in genetic diversitther datasets, including either morphological or nuclear
and population structure through time. Because of its higmolecular markers, to identify hybrid individuals. This
copy number, mtDNA remains the most probable source adpproach has recently shown that numerous specimens
genetic population signature from ancient specimens.  purported to represent rare and endangered turtle species
Phylogeography. —Since mtDNA is haploid, ma- were actually hybrid individuals from the pet trade (Parham
ternally inherited, and possesses a rapid mutation rate,ét al., 2001).
should track recent population splitting events with higher ~ Phylogeny. —As mentioned above, mtDNA is particu-
fidelity than a single nuclear marker under many biologidarly amenable to genealogical reconstruction and several
cally plausible scenarios (Moore, 1995; Hickerson andeatures of mt genomes suggest that entire mt genomes are
Cunningham, 2005). Thus, mtDNA gene regions havespecially well suited for chelonian phylogenetics. First, be-
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are difficult to study in the nuclear genome may be tractable
in the mt genome (Boore, 1999). A number of obvious
guestions include whether certain gene rearrangements or
duplications occur more commonly than others, whether
rates of rearrangements or duplications correlate with rates
of sequence evolution, and whether novel mitochondrial
features correspond to particular physiological or life his-
tory attributes (Boore, 1999). For instance, through sequenc-
ing the mt genome dPlatysternona partial mt genome
duplication was inferred (Parham et al., 2006a). Further, the
hypothesized loss of supernumerary genes excluded the
duplicated control region, a characteristic that is relatively
unigue in metazoans and sBtatysternorapart from most
other extant species of turtles (Parham et al., 2006a).
Marker Development. -Somparing levels of variation
across entire mt genomes for a few focal taxa allows re-
searchers to identify the most appropriate mtDNA markers
for their research. Additionally, obtaining mt genome data
for the major turtle clades would facilitate the quick devel-

. . . opment of other mtDNA markers in related taxa.

Figure 2. Phylogeography dEmys(or Actinemy$marmoratain llecti d | | .
western North America (Spinks and Shaffer, 2005). Employing ~ Data Collection and Analyses. Fotal DNA is
both mtDNA and nuDNA markers and integrating phylogeneticgenerally isolated by one of a number of conventional
and population genetic analysesnrarmoratahighlights the NA extraction methods (Maniatis et al., 1982), often
value of phylogeographies in assessing the evolutionary an . | K d . ’I . h field
biogeographic history of turtle taxa. The phylogeographic api/®M tissueé samples taken nondestructively in the field.
proach is also useful in revealing spatial patterns of genetidargeted mtDNA gene regions can then be amplified via

diversity and setting management priorities. Relationships b iki ] i i
tween the four major mtDNA lineages their geographic distribu(:jpcR (Saiki et al., 1988) using a wide arrayimers

tion follow Spinks and Shaffer (2005). Photo by James ParhankNOWn to work in turtles (Engstrom et al., 2007). Long
PCR can be employed to amplify large portions of the mt

cause the order and content of genesiis highly conserved within
mitochondria (Boore, 1999), with imtrons and spacer DNA,
these genomes are easy to align and provide thousands
homologous characters for phylogenetic analyses (Fig. 3)
Such large datasets are often necessary to resolve uncertain
incorrect relationships recovered from smaller DNA fragment
data (Cummings et al., 1995; Zardoya and Meyer, 1996). Fo
example, small mtDNA and nuclear (nu) DNA fragments
initially suggested that turtles are nested within the Diapsida
rather than sister to all other reptiles (Hedges, 1994; Platz an
Conlon, 1997). However, the placement of turtles within the
Diapsida varied and support for any particular hypothesis wa-
weak. Subsequently, complete mt genome data firmly place:
turtles sister to archosaurs (Zardoya and Meyer, 1998
Kumazawa and Nishida, 1999), an arrangement later corrobc
rated by multiple nuclear loci (Hedges and Poling, 1999).
Second, the mt genome is composed of loci with vastly
different rates of evolution, from hypervariable third positions
in cytochromeb, to nearly immutable stems in 168NA.
Thus, mitogenomic datasets should provide resolution at vari

ous phylogenetic levels. Third, mt genome features and gene re 3. Diagram of the complete mitochondrial genome of

u . D1 | |
rearrangements have been shown to be valuable phylogen#@studo graecéGenBank NC 007692; Parham et al., 2006a).
characters. Because gene rearrangements are typically rarae mt genome of. gra:ecais repr(_esentative of turtles and
and generally considered irreversible, such characters afost other vertebrates in overall size, gene content, and gene

. . order. This circular, haploid genome is less than 20 kb with a
assumed to be virtuallyomoplasyfree (Boore et al., 1995; single control region (brown), two rRNA genes (yellow),

Boore, 1999). thirteen protein coding genes (green) and 22 tRNA genes (red).
Genome Evolution. -Somplete mt genome sequences The mtgenome is drawn to scale; arrows indicate the direction

. : f transcription of loci (5’ to 3’). The utility of specific loci and
may provide a better understanding of how genomes evolvg1e primePs used to (capture) those mgrkerg are reported by

Because mt genomes are so small, aspects of evolution thigstrom et al. (2007). Photo by James Parham.
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genome, or rolling circle amplification (RCA; Dean et can mislead phylogenetic inference (Engstrom et al., 2004;
al., 2001; Hawkins et al., 2002) can be used to generatrandley et al., 2005). Conversely, gene duplications and
entire mt genomes. These amplified products are therearrangements that should be useful for deep level ques-
used in sequencing reactions that label the four DNAions in mt genome data (Boore, 1999) may be rare or
nucleotides (Sanger etal., 1977) and run on an automatedtapomorphic. Parham et al. (2006b) examined both se-
machine that reads the labeled nucleotides. guence variation and mitogenomic features among major
Obtaining sequences from mtDNA gene regions ishelonian clades and found that gene rearrangements and
relatively inexpensive and efficient compared to the cost anduplications were restricted to a single taxon, and thus were
time involved in collecting equivalent data from other classephylogenetically uninformative.
of markers with similar properties and applications. Further-  Finally, nuclear sequences of mitochondrial origin
more, primers that readily amplify many mtDNA regions in (numts) are relatively common among metazoan taxa (Zhang
turtles are common (Engstrom et al., 2007), and rapidnd Hewitt, 1996; Bensasson et al., 2001) and can seriously
screening of variation in small mtDNA regions for largemislead any genetic analysis if these nuclear copies of
numbers ofindividuals is now possible (Avise, 2004; DeSallentDNA are mistaken for authentic mtDNA (Zhang and
and Amato, 2004). Hewitt, 1996). Nucleapseudogenesf mtDNA have been
However, collecting entire mt genome data is non+eported in turtles (Stuart and Parham, 2004; Spinks and
trivial, and the most efficient way to gather these data maghaffer, 2007), and may be relatively common.
be in collaboration with genome centers that have perfected Future Applications. -¥We suggest several directions
the rapid and efficient acquisition of whole mt genomedor the future use of mtDNA gene regions and mt genomes
(e.g., Joint Genome Institute, Lawrence Berkeley Nationaih chelonian biology. Most likely, these directions will
Laboratory). include a combination of both mitochondrial and nuclear
Limitations. —Because the haploid mt genome does notlata to address a range of conservation and evolutionary
recombine, and is uniparentally inherited, all the genes in thguestions. For example, maternally inherited mtDNA and
mt genome effectively represent a single, linked locus. Thugaternally inherited nuDNA markers (Y or W linked loci in
analyses based on multiple mt genes or entire mt genomtsxa with genotypic sex determination) could be used in
only represent single-locus estimatederhography, popu-  combination to estimate sex-specific gene flow or other
lation history, or phylogeny. Likewise, inferences madedemographic parameters and assess population genetic struc-
from mtDNA to delimit species or reconstruct population orture. Already mtDNA and single copy huDNA sequences
species histories should be made judiciously. Mitochondrighave been used in concert to tackle phylogenetic and
DNA phylogenies represent the branching history of mitophylogeographic questions (Krenz et al., 2005; Spinks and
chondria ¢ene tre@ and may not track organismal history Shaffer, 2005; Parham et al., 2006a). Mitogenomic data, in
(species tregflawlessly (reviewed in Avise, 2004), and thus particular, might be combined with nuclear sequences to
should be corroborated by other evidence (Morando et albuild a robust chelonian phylogeny that could provide the
2004; Avila et al., 2006). backbondor any comparative turtle study. Rapidly evolving
Phylogeographic studies of single species or closelyntDNA sequences can also be used in combination with
related taxa focus on how evolutionary processes operate Mendelian markers, such as microsatellites and single nucle-
natural populations (Avise, 2000), but the abundance aftide polymorphisms3NPs Morin et al., 2004) for studies of
these studies in the literature belie the difficulties inherent imetapopulation structure and conservation genetics (Pearse et
reconstructing complex demographic histories. The posal., 2006a). Because mitochondria play an essential role in
sible influences of past migration, divergence in isolation ocellular metabolism, investigations of the molecular evolution
with gene flow, and population bottlenecks or expansionsf the mt genome may convey metabolic and respiratory
are difficult to disentangle (Knowles, 2004). Furthermore adaptations in turtles (e.g., Doiron et al., 2002). Lastly, we
introgression, incomplete lineage sorting, and natural seleanticipate the expanded use of mtDNA, and molecular markers
tion may confound phylogeographic studies (Funk andn general, to address broader ecological and evolutionary
Omland, 2003). As a consequence, mtDNA phylogeographiguestions in turtles (Stephens and Wiens, 2003, 2004), and the
analyses have become increasingly sophisticated to accomxtension of these findings into conservation biology.
modate these limitations (Ballard and Whitlock, 2004;
Templeton, 2004; Hickerson and Cunningham, 2005). Nuclear Markers:
For deeper phylogenetic questions the rapid rate of Sequences, Microsatellites, and AFLPs
MtDNA evolution may lead to homoplasy between deep
clades, possibly misleading even mitogenomic estimates of In contrast to the mitochondrial genome, the nuclear
phylogeny (Curole and Kocher, 1999). However, somagenome contains a huge number of coding and non-coding
mtDNA and mt genome data collected in turtles (e.g.regions (introns and intergenic spacers) that are subject to
Feldman and Parham, 2002; Parham et al., 2006b) do ndifferent mutation mechanisms and rates (Li, 1997). Thus
appear to have suffered frosaturated data, and newer- the nuclear genome offers a virtually unlimited set of poten-
mixed model methods of analysis (Yang, 1996) may accontial markers that are informative across the entire range of
modate and correct for at least some mutational history thahylogenetic divergence and can be applied to a wider array
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of questions relative to mtDNA data, including studies ofprimers are often borrowed from published sequences de-
adaptive radiation, life histories, hybridization, species developed for other vertebrate groups, and must then be
limitation, and phylogenetic inference (including estimatesoptimized. For example, the nuclear ggheeraldehydes-

of divergence times [Near et al., 2005]; Fig. 1 summary3 phosphate dehydrogena$@ADPH) used by Spinks and
Avise 2004; but see Zhang and Hewitt, 2003, for a descripgshaffer (2005) was amplified with primers originally devel-
tion of all technologies as well as an in-depth implementaeped for birds (Friesen et al., 1997).

tion guide). Furthermore, duplicated regions can cause problems
for phylogenetic and other analyses if one is unknowingly

Nuclear Gene Regions comparingparalogs and notorthologs (Li, 1997). There-
Applications of Nuclear Gene Data fore, for every nuclear marker developed, a Southern hybrid-

ization should be performed to confirm single-copy status as

Phylogeography. —Karl et al. (1992) first used Fuijita et al. (2004) did when introducing the nuclear intron
nuclear markergéstriction digestsof anonymous loci) R35 as a phylogenetic tool in turtles. Lastly, heterozygosity
to estimate global population structure of the marings more prevalent in nuclear regions and generally requires
turtle Chelonia mydasbut few subsequent nuclear-se- cloning to resolve.
guence based phylogeographic studies have been pub- Limitations. —While nuclear sequences offer many
lished on freshwater turtles (FitzSimmons et al., thisadvantages, there are multiple processes operating with
volume). Phylogeographic studies of Galapagos tortoisegreater frequency than in mtDNA and these may confound
GeochelonéCaccone et al., 2004) and the western pondboth data collection and various types of analyses. Addi-
turtle Emys [= Actinemys] marmoratgdSpinks and tional efforts may be needed to evaluate possible influences
Shaffer, 2005) have met with limited success because af recombinationgodonbias, duplicated genes, rate varia-
extremely low variation of nuclear relative to mitochon-tion across characters or taxa, compositional bias, and het-
drial gene regions. This may be a general limitation okrozygosity Kaddison, 1997; Posada and Crandall, 2002;
most nuclear gene regions accessible by convention#larris, 2003), and to resolve gene tree — species tree discor-
technologies (Zhang and Hewitt, 2003), but newer methdance (Edwards and Beerli, 2000; Hudson and Turelli, 2003).
ods of screening for large numbers of anonymous nuclear Future Directions. —Data analyses are improving as
loci will likely offer multiple unlinked high resolution increasingly refined methods become available for mixed-
markers for future phylogeographic studies (see Jenningaodel analyses (Yang, 1996) of multi-gene data sets for
and Edwards, 2005, for a recent example in birds).  phylogenetic inference (Pagel and Meade, 2004), delimiting

Species Delimitation. -Allozymes have been used for species (Sites and Marshall, 2003), and phylogeographic
species delimitation inturtles (e.g., Georges etal., 2002), banhalyses (Templeton, 2004). In addition, steps to improve
the use of nuclear DNA sequence for this purpose is not dse alignment process of multigene data sets over a large
prevalent in vertebrates as is the use of mitochondrial markwumber of taxa have been taken. At shallower levels of
ers. Nuclear ribosomal DNA (e.g., internal transcribed spacetivergence, network methods will become more sophisticated
[ITS] DNA) has been used for studies of species classificalCassens et al., 2003, 2005), as will demographic modeling
tions in algae and nematodes (LaJeunesse, 2001; Chiltaimder more biologically plausible scenarios (Hickerson and
2004), and primers are available for ITS in turtles althougl€unningham, 2005; Jennings and Edwards, 2005).
it is not known if this marker would provide an appropriate  Lastly, many conservative vertebrate nuclear gene prim-
amount of variability for species delimitation in Testudinesers will become applicable for turtle studies, as a result of the
(Engstrom et al., 2007). National Science Foundation’s “Assembling the Tree of

Phylogeny. —Combining nuclear gene regions can Life” (ATOL) initiative (Crandall and Buhay, 2004). Of the
resolve the Testudines phylogenetic history, which has long2 projects supported by the ATOL project, five focus
terminal branches that may result in ambiguous placemeuixclusively on vertebrates (including birds, archosaurs,
of some taxa (Bergsten, 2005). In fact, multiple nucleaamphibians, squamate reptiles, and cypriniform fishes; see:
genes have been informative about the placement of turtléstp://ucjeps.berkeley.edu/bryolab/ATOL/?page=projects),
within Amniota (Hedges and Poling, 1999; lwabe et al.and other eukaryote projects are also likely to discover at
2005), single loci have been useful for resolving relationieast some highly conserved regions that can be employed in
ships within Testudines (Fujita et al., 2004), and a combinaurtle studies.
tion of nuclear and mtDNA indicated the separation between
Platysternidae and Chelydridae (Krenz et al., 2005) Microsatellites

Data Collection and Analyses. While data are col-
lected using the same protocols as those used for mtDNA  Microsatellite markers, or simple-sequence repeat (SSR)
gene regions (conventional extraction from field preservetbci, are hyper-variable, iterated 1-6 bp motifs that have been
tissue samples; conventional PCR followed by automatedetected in virtually all organismal genomes (Ellegren,
sequencing of product, albeitoning of the product is 2000; Li et al., 2002). SSR markers constitute a subset of
sometimes needed before sequencing), the efficiency @bdominant Mendelian loci that are usually assumed to be
collecting sequence data is usually more difficult becausselectivelyneutral and randomly distributed acrossi-
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chromatic genomes, although these assumptions are not Limitations. —Although they are widely utilized,
always met (Li et al., 2002Alleles originate by a number microsatellites have well-characterized limitations as well.
of non-conventional mutation mechanisms, which alter th&rom a theoretical perspective, Estoup et al. (2002) re-
number of repeat units in the alleles segregating at a giverewed the relationship between SSR mutation models and
locus, and are easily distinguishable based on the length bbmoplasy of alleles and showed that basic assumptions
a PCR product amplified with primers flanking the SSRabout mutational mechanisms are often not met in real data
region. The ease of screening polymorphisms, along withets. In addition, although SSR loci are generally assumed to
the typically high variability (up to 50 alleles per locus in abe neutral, evidence implicates their influence in clearly
population; DeWoody and Avise, 2000), has made SSRs th@n-neutral processes such as genetic disorders (Li et al.,
markers of choice for a wide array of analyses (Avise, 2002002), and Vasemagi et al. (2005) found nine microsatellites

see Bennett, 2000, for in-depth technical review). linked to Expressed Sequence Tags (ESThat deviated
significantly from neutral expectation. There is also selec-
Applications of Microsatellites tion against repeat motifs that would prodéreene shifts

in coding regions (e.g., di- and tetra-nucleotide repeats;
Paternity Analysis and RelatednessMierosatellites  Metzgar et al., 2000). The nonrandom distribution of SSR
are frequently used to estimate individual fitness and somieci in the genome further suggests that assumptions of
components of breeding structure, in the context of single veieutral evolution are not always accurate.
multiple paternity, and the related phenomenon of sperm Operationally, using primers from related species can
storage (both relevantissues in freshwater turtles; see Peaedtect results by leading to alleles that are shorter, and less
and Avise, 2001; Pearse et al., 2002, 2006b; for examplesjariable due to differential amplification (i.escertain-
Demography, Population Genetics, and Phylo-mentbias; Hutter etal., 1998; Amos etal., 2003), or that do not
geography.—Microsatellites have been utilized to estimateamplify at all (so-called “null” alleles; Zenger et al., 2003). The
population genetic and phylogeographic structure, especialstrength of these effects is directly proportional to the genetic
with regard to the identification of genetic ‘breaks’ — distance from the species for which the loci were originally
Evolutionarily Significant Unit (ESU) or Management  isolated (Shepherd et al., 2002; Wright et al., 2004).
Unit (MU) boundaries —anissue of crucialimportanceinthe  Future Directions. —Recent studies showed that
design of conservation strategies for endangered speciekectromorph (fragment length) data alone tended to under-
(reviews in Fraser and Bernatchez, 2001; Frankham, et akstimate population divergence (Balloux et al., 2000; Fisher
2002; Moritz, 2002; DeSalle and Amato, 2004; see Pearse et al., 2000). By sequencing microsatellite alleles one can
al., 20064, for a turtle example). Similarly, microsatellitesinfer mutational processes directly, by checking for consis-
have been recently used to: (1) evaluate the genettencyirrepeat motifforeach population sampled (see Engstrom
consequences of recent population bottlenecks (Waldick et al., 2007). Electromorph data accompanied by sequence
al., 2002; Kuo and Janzen, 2004), (2) estimate populaticinformation can paint a more accurate picture of population
sizes and between-deme migration rates (Nichols andifferentiation (Colson and Goldstein, 1999).
Freeman, 2004), (3) estimate natal dispersal (Berry et al., In addition, a variety of approaches have been devel-
2004), (4) detect hybridization (see Burns et al., 2003, for aaped that are appropriate for the evaluation of population
example in turtles), and (5) provide identification in wildlife genetic structure in non-equilibrium conditions, which are
forensics (Avise, 2004). the most likely demographic scenarios for declining species
In a recent study, Fritz et al. (2005) used microsatellit¢see reviews by Pearse and Crandall, 2004; Manel et al.,
repeat motifs as primers to amplify ISSRs (inter-simple se2005). Further, recent empirical studies have shown the
guence repeats). By using the repeat motif as a primer, theadvantages of using multiple complementary analytical
authors were able to amplify a suite of bands particular tnethods, including equilibrium and non-equilibrium meth-
differentTestudspecies. This DNA “fingerprinting” method, ods, to detect different signals in genetic datasets (e.g.,
in conjunction with mitochondrial DNA, was then used toLemaire etal., 2005; Pearse et al., 2006a). Lastly, combining
reject the uniquenesséstudo weissinge(frritz et al. 2005). Mendelian markers and mtDNA sequences can result in
Data Collection and Analyses. Microsatellite loci are  powerful inferences about demographic and meta-popula-
typically isolated via enrichment probes, which requires lesson structure and histories (FitzSimmons et al., 1997b;
time than previous methods of clone screening (see Fischer aRdarse et al., 2006a).
Bachmann, 1998). Once markers are developed, DNA is
typically amplified using fluorescently labeled primers, fol- Amplified Fragment Length
lowing basic PCR protocols (Sites et al., 1999; Valenzuela, Polymorphism (AFLP)
2000). Amplification reactions are analyzed by electrophore-
sis, and alleles are scored based on the length of fragments The amplified fragment length polymorphis&HLP)
(electromorphs). High-throughput genotyping can be achievedmethod (Vos et al., 1995) is a relatively new technique for
by using different fluorescent dyes to label loci with non-generating genome-wide estimates of genetic variation. The
overlapping allele sizes in a single automated run or in a singks=LP method combines two older molecular techniques
PCR reaction (both terms are referred to as “multiplexing”).(RFLP and RAPD) to quickly and inexpensively produce
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numerous, variably sized DNA fragments. Profiles of theselant geographic boundaries exhibited by distinct popula-
anonymous DNA fragments represent multilogeno-  tions, similar and separate evolutionary histories, or any
typesthat can be used to answer questions at a wide rangeather number of empirical situations (reviewed in Sites and
biological scales. For example, these DNA profiles can b&larshall, 2003, 2004).
used to create distance matrices for phylogenetic reconstruc- Adaptive Variation — The AFLP method may be
tion (Koopman, 2005), estimate population structure (e.gyseful in helping ecologists and evolutionary biologists
Mock et al., 2002) or as DNA fingerprints to assess parenexplore the relationship between genotype and phenotype in
age (Mueller and Wolfenbarger, 1999). chelonian systems. Specifically, researchers may find sets of
The AFLP method has seen little use in animal systemA&FLP loci that are correlated with particular phenotypes of
(Bensch and Akesson, 2005) and has not been applied in aimferest. Furthermore, researchers can identify loci that are
chelonian studies, but shows great promise. In the absencewfder selection by comparing the observed distribution of
awell-characterized genome, the AFLP method can providgenetic variation at AFLP loci with expectations based on
a useful assessment of genome-wide variation in turtleseutral processes (Wilding et al., 2001; Campbell and
While there are some limitations inherent to AFLP data, th&ernatchez, 2004).
low cost and ease of use indicate that AFLPs could become Data Collection and Analyses. +ellowing standard
valuable markers in a wide range of turtle ecological anddNA extraction/isolation (Maniatis et al., 1982), genomic

evolutionary studies. DNA is cut with two restriction enzymes (Vos et al., 1995)
creating hundreds of thousands of DNA fragments. To
Applications of AFLPs reduce the number of DNA fragments to a more manageable

amount, two rounds of PCR (Saiki et al., 1988) are used to

Demography and Population Genetics.RPepulation  selectively amplify a small portion of the DNA fragments
genetic studies of animal populations currently emphasizeriginally cut by the restriction enzymes (Vos et al., 1995).
the use of microsatellite or mtDNA sequence data to provid&his final pool of amplified DNA fragments can be
estimates of population structure, gene flow, historical bottlefluorescently labeled and read on any standard fragment
necks and other population parameters. While rapid rates ahalysis machine (e.g. ABI 3100).
evolution in both microsatellites and mtDNA provide inves- Raw AFLP data consist of a number of DNA fragments
tigators with a workable pool of genetic variation to analyzeof varying lengths. Each fragment is assumed to represent a
in most systems, these markers offer a limited view ofinique locus in the genome. Individuals that possess a
overall genetic variation in the genome. Furthermorespecific fragment have one allele (1), while those that lack
microsatellite development can be a time consuming anthe same fragment have the alternative allele (0). Thus, with
expensive endeavor that generally yields less than 20 usald&LP data, heterozygotes cannot be distinguished from
loci (Zane et al., 2002). AFLPs, on the other hand, cahomozygotesand each locus is assumed to be diallelic in
quickly and inexpensively provide a more complete view othis dominant marker system.
genome-wide variation for estimates of population level  Once all the presence/absence data have been collected,
processes (Bensch and Akesson, 2005). Although AFLBny number of analyses can be conducted, though some
data cannot be scored for more than two alleles at any locassumptions regarding Hardy-Weinberg equilibrium may
(1/0), or used to detelseterozygotesas they are dominant, be required to calculate heterozygosity for certain popula-
rather than co-dominant markers, the shear number of polyion genetic measures (Bensch and Akesson, 2005).
morphic AFLP loci can be as powerful as a several variable  Limitations. —The chief limitation of AFLP data is that
microsatellite loci in providing highly resolved genotypesthey are notodominant. Furthermore, each AFLP locus
(Gerber et al., 2000). Thus, AFLP data may be a usefudontains relatively little information (presence or absence of
molecular tool for tackling demographic questions. an allele). Thus codominant markers, especially those with

Phylogenetics, Phylogeography, and Species Delimitahigh allelic diversity such as microsatellites, actually con-
tion. —AFLP data can be used to reconstruct the branchintgin far greater resolving power per locus than AFLPs. To
history of populations and taxa. Phylogeographic surveysompensate for this deficiency in information content per
using AFLPs, in particular, could quickly identify cryptic locus, an AFLP data set must contain many more loci than
lineages that may represent important management units most other marker systems (Bensch and Akesson, 2005).
cryptic species and could identify regions of hybridization =~ Because AFLPs are dominant markers, Hardy-Weinberg
and backcrossing (Miller, 2000). AFLP data can be useéquilibrium must be assumed in order to estimate population
directly in the character-based method of maximum parsigenetic parameters. Thus AFLPs cannot be used to indepen-
mony, or compressed into distance matrices to be analyzekntly test for violations of Hardy-Weinberg equilibrium in
with clustering methods for phylogeographic and phylogepopulation genetic surveys (Bensch and Akesson, 2005).
netic analysis (Koopman, 2005). However, adequate resolu-  Another potential problem of AFLP data is the anony-
tion of many phylogenetic questions may require hundredsious nature of loci. Each DNA fragment is assumed to
or even thousands of AFLP loci (Albertson et al., 1999). represent a unique locus. Yet, size homoplasy has occurred

AFLP data could also be used in conjunction with othemmong smaller DNA fragments (Vekemans et al., 2002) and
markers to delimit species when such datasets show concaoeuld seriously confound analyses of genetic diversity
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(Vekemans et al., 2002) and phylogenetic reconstructionomes of most eukaryotes (reviewed by Weiner et al., 1986;
(Koopman, 2005). Shedlock and Okada, 2000; Shedlock et al., 2004).
Feasibility. —The quick set-up time involved in col- LINEs (long interspersed nuclear elements) are
lecting AFLP data (often less than a week) and low cost dfansposonsthat contain some of the basic machinery of a
processing samples make AFLP the most inexpensive amdtrovirus, including agene for reverse transcriptase (RTase),
efficient method of assessing genome-wide variation. Thbut do not have the ability to cross-infect cells or individuals.
AFLP technique can be used without any prior knowledge of INE length is variable, but most typically spans a 1-7 kb
a turtle’s genome to provide genotypes for a large numbdKidwell, 2002). LINEs maintain their integrity within the
samples at a sizeable number of loci. Furthermore, thgenome, functioning as self-replicating elements that prolif-
genetic profiles are highly reproducible across differenerate randomly by a copy-and-paste process involving an
laboratories. The protocols and equipment required to coRNA intermediary. Those that lose that function progres-
lect AFLP data should be found in any reasonably equippesively lose their identity through mutation, but are replaced
molecular genetic laboratory. Moreover, the laboratory proelsewhere within the genome by the continued proliferation
cedures have been further streamlined and standardized bffunctional elements within the same family. Thus families
a number of commercially manufactured kits. of functional LINESs reside within the genome, their relation-
Regardless of the cost and ease of data collection, AFL&hip to each other determined by sequéreeology. Such
data are not a panacea. Depending on the question and families may be longstanding, spanning much or all of the
system, other markers that do not suffer from the same majwertebrate radiation, for example. Relatively few LINEs are
limitations of AFLP data may be more appropriate (e.g.functional at any one time and the frequency of their propa-
microsatellites, DNA sequences). gation is governed by the intranuclear and intragenomic
Future Directions. —Future applications in which environment (Weiner, 2002).
AFLP are likely to be used include further refinementofour ~ SINEs (short interspersed nuclear elements) are also
understanding of the genome and its expression into theansposable but are much shorter elements (70-500 bp),
phenotype. For example, applications include gene mappirigck a gene for RTase, and rely on a functional correspond-
such asiQTL studies (though crosses are required) and ining LINE to provide the RTase to support their proliferation
the discovery of SNPs for chelonian studies (every informafKajikawa and Okada, 2002). SINEs too form families that
tive AFLP potentially contains an informative SNP). An- are maintained by the balanced processes of gain through
other very interesting application of AFLPs is in the study ofreplication of functional elements (requiring a functional
gene expressiomstead of using whole genomic DNA as the RTase recognition site) and loss through random mutation.
original template for the proceduelDNA generated from SINEs have attracted particular attention because of their
expressed mRNA can be used. Using AFLP on cDNA allowsnanageable size and because they usually are represented by
researchers to generate global gene expression profiles thet0*copies per SINE type per vertebrate genome (Kazazian
may be associated with a particular phenotype, developmentahd Moran, 1998; Shedlock et al., 2004).
stage, or tissue type of interest (Bachem et al., 1996, 1998).
The AFLP method has not yet been used by turtle Applications of SINEs and LINEs
biologists, yet the technique can easily be applied to any to Chelonian Biology
number of ecological and evolutionary questions. AFLP
data should be used judiciously in providing complementary  Demography and Population Genetics. Where a
datasets for the estimation of demographic and populatioBINE family is still actively proliferating, their utility ex-
genetic parameters (better addressed with microsatellitéends beyond phylogenetics into population biology (Batzer
and SNPs), and in the reconstruction of phylogeographietal., 1996). For example, insertion or lack of insertion of the
and phylogenetic histories (better addressed with mtDNAAIu element for 100 loci provided sufficient polymorphism
and nuDNA sequence data), but may be ideal in delimitingo estimate diversity among and within human populations
species (Fig. 1). Further, sex specific AFLPs can be usgiVatkins et al., 2003). Sampling of many SINE loci, which
indicate theheterogametic sex in species with cryptic sexare dispersed across the genome, enabled inferences regard-
chromosomes (Griffiths and Orr, 1999). Regardless, the loing the genetic distance to ancestral states and population
costand ease of use suggest that the AFLP method shows gmaatbdivision with very little sampling error. Infact, resampling
potential as a powerful molecular tool for turtle biologists. methods regard 50 loci to be sufficient for future studies
(Watkins et al., 2003).

MARKERS ON THE HORIZON Species Delimitation and Phylogenetics Gther ap-
plications where an unambiguous marker is of value may be
Short and Long Interspersed Nuclear Elements foundin species identification for forensics where the SINEs
(SINEs and LINES) are fixed at the level of species. In addition, SINEs have been

successful at identifying the close relationship between
An exciting and relatively new set of molecular markershumans and chimps and discovering previously undetected
areSINEs and LINEs-repetitive elements with no obvious radiations in cichlid species of the east African rift lakes
function that are dispersed randomly throughout the ggShedlock et al., 2004).



McGaucH ET AL. — Applications of Modern Genetic Tools 55

Forturtle biologists, SINEs are significantbecausetheir = Once found, a SINE or LINE inserted at a specific
first application to reptiles is a study of the phylogenetidocation is a nuclear marker that is essentially free of ho-
relationships among geoemydid turtles (Fig. 4; Sastali, = moplasy, which can occur only through introgression of a
2004). SINEs and LINEs yield phylogenetic information atSINE element following interspecific hybridization or
three levels. The first is at the sequence level, providinghrough gene-tree/species-tree disparity (Hillis, 1990;
information on the phylogeny of the element, and thus th&liyamoto, 1999). Phylogenetic characters with these at-
species (or clade) that carries it, in the same way as for atiybutes potentially offer a treasure trove for systematic
nuclear marker. The second is at the level of the presencelmiplogy (Shedlock and Okada, 2000).
absence of representatives of SINE or LINE families inthe  Data Collection and Analyses. Fhe human genome
entire genome, from which we can infer their origin in acontains nearly 1.5 million SINEs (Shedlock et al., 2004). This
common ancestor to the exclusion of other taxa of interesabundance in genomes makes isolating and characterizing new
The third level involves their use as positional markersSINEs relatively easy given the large playing field. Main
where an individual SINE element at a particular locus caapproaches for SINE isolation include screening a genomic
be identified by developing primers for its unique flankinglibrary with a probe which is designed for a particular SINE
region and scored as present or absent. family of interest or sequencing of large chunks of the genome

It is as positional markers that SINEs and LINEs comend using this information to predict the presence of SINEs
into their own as phylogenetic markers. They have a suite of

remarkable properties straight out of the notebook of th iy :
pioneer of phylogenetic systematics, William Hennig (1966) gae _'_:K“““‘” 1
(@) They are discrete and recognizable DNA elements thi Callagur )
proliferate through the nuclear genome by a copy-anc T A | E
paste mechanism, rather than the cut-and-paste mect _'_E. | Malayemys ";E‘:
nisms of DNA transposons, so the history of their prolif- ' :
. . . e Flebenrockiella
eration can be uncovered using traditional approaches BMmI0S i [ i
phylogenetic reconstruction using sequence data. Th fi;r_' —¥ e Chinemys -
said, it is the presence or absence of the SINE or LINE : red WL E S e
a specific location that is the novel character, and th i i g
sequence data internal to the marker is secondary to th i Cyclenys %
(b) They insert into the genome essentially at randon 2
(though there is a slight bias in favor of AT rich regions) Heosenys 9 3
so the probability of homoplasy arising through a sec_’f"‘,\?"ﬁﬁ Sacalia 2
ond insertion at the same site is remote. This assertiq “—z— i
has been supported by an intensive study ofAlle ity Melsnochelys  §
SINE of primates (Roy-Engel, 2002). In any case, suc
an insertion does not overwrite the first and so if g i
duplicate insertion were to occur it would most likely be Cuors
easily detected when the element and flanking regio
are sequenced, unless substantial deterioration has g Rhinodammys
curred (e.g., Ragt al, 2005). Kintys Testudinidae
(c) SINE or LINE insertion at a particular locus is consid-
ered irreversible, because flanking regions are creats Trachamys
upon insertion and provide a signature of the insertio Emps Emydidae

even in the unlikely event that the element “jumps” out

of the previous spot. . . Figure 4. Phylogenetic relationships revealed from among the 16
(d) Ab??nce ofa SINE or LINE is accompanied bY g '_'c_)busépecies of Testudinoidea by the application of the SINE approach
positive control, so that there are three possibilities <after Sasaki et al., 2004). Arrowheads denote the insertion of
amplification product contains a SINE or LINE, ampli- tortoise pollll class SINEs. SINE insertions into loci BCro1 and
fication product does not contain the SINE or LINE, nOBCr06 reveal a close relationships between Bataguridae (=
amplification because of mutation at the primer site. ArGeoemydidae) and Testudinidae to the exclusion of the Emydidae.

absence of a SINE or LINE is an absence, provided the@NE insertions atloci BKs36 and BKs52 indicate Kethuga (=
is successful amplification. Pangshura) smithii, Callagur (= Batagur) borneoensad

(e) The marker has clear homology across taxa and ,[H\éalayemys subtrijugorm a monophyletic group (clade A) within
theBatagurcomplex. Aninsertion at BKs11 locus suggests mono-

polarities of the character states are unamplguou§ (I'e'hyly of Siebenrockiellavith the above three species (clade B). A
the abser_](?e of th? SI.NE or LINE a“‘?‘ ﬂankmg.reglon{lose relationship betwe&@hinemys reevediiecently changed to
at a specific location in the genome is unambiguouslyauremys reevesiiFeldman and Parham, 2004: Spinks et al.,
the ancestral state, and presence is unambiguously theo4)andMauremys mutica kans suggested by SINE insertions
derived state). at loci BCr61 and BMm105 (clade C).
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computationally (Shedlock et al., 2004). Recent approachegenome (Zhao et al., 2003). SNPs are generated by point
also design a primer identical to the conserved polymerase hhutations in the genome when one nucleotide is replaced by
promoter and use PCR or genomic screening to isolate the namother (i.e., substitution). This definition is often broad-
SINE (Shedlock et al., 2004; Borodulina and Kramerovened to include single-bagedels where an extra base is
2005). Additional information on the characterization of newinserted or deleted during the replication of DNA. In prin-
SINEs and the use of SINEs in systematics is briefly summaiple, SNPs can have as many as four alternative allelic states
rized by Shedlock et al. (2004). (i.e., adenine, guanidine, cytosine, or thiamine), but because
Limitations. —Limitations on the utility of SINES of the rarity of the mutations (i.e., $610° mutations per
derive from the limited life of a particular retroelement as argeneration per site), tri or tetra-allelic states are virtually
identifiable and recoverable sequence in the genome, or tin@n-existent within related taxa. As a result, SNPs are often
limited life of the flanking sequence that enables homologyeferred to as bi-allelic markers (Vignal et al., 2002).
of the positional element to be established. Once inserted, SNPs are informative genetic markers for population,
the actual SINE and its flanking regions deteriorate oveconservation, and evolutionary genetic studies when the
time through mutation to the point that they are not detecteast abundant allele reaches a frequency of 1% or greater in
able. This aspect diminishes the utility of the techniquahe population; a threshold that eliminates sites that are
beyond 50-150 million years (Shedlock and Okada, 2000;ariable because of infrequent sequencing errors (Kwok and
Shedlock et al., 2004). Gu, 1999; Wakeley et al., 2001; De La Vega et al., 2002).
A second limitation is that unlike sequence data, on@hese traits of ubiquitous variation and high utility have
cannot expect SINEs to provide information across all nodecently been harnessed and applied to studies of evolution-
of a phylogeny. This was evidentin the turtle study Esge  ary genetics, population genetics, hybridization, and wild-
4; Sasakiet al., 2004) where despite considerable effort)ife forensics, and show great promise in chelonian studies
solid information was obtained on only four nodes in thgBensch et al., 2002; Stickney et al., 2002; Belfiore et al.,
cryptodire phylogeny. This situation willimprove as options2003; Aitken et al., 2004; Seddon et al., 2005).
for screening SINEs improve, such as when genomic infor-
mation on target taxa increases, leading to greater numbers Applications of SNPs
of loci. There may also be novel approaches on the horizon
for targeting specific phylogenetic hypotheses atthe time of  Paternity and Relatedness. Fhe typically bi-allelic
screening for informative SINEs (e.g., screening after secharacter of SNPs creates a requirement for many more loci
lected subtractive hybridization). to be genotyped for parentage and relatedness studies com-
A third limitation is that these positional markers, pared to multi-allelic markers. It is estimated that 60 maxi-
informative as they may be for resolving tree topologymally informative SNPs would be required to provide the
cannot be used for determining branch lengths or datingame level of paternity exclusion and estimates of related-
divergences. For this we must rely upon comparisons of theess as 14 microsatellite loci with an average allelic diversity
actual DNA sequences of the SINEs or LINEs or comparief 9.5 (Krawczak, 1999). This number jumps to 100 when
sons of sequence data from the flanking regions (Del PozZNPs are only 20-30% heterozygous, a level closer to actual
and Guardiola, 1990; Shedlock and Okada, 2000). diversity (Krawczak, 1999; Glaubitz et al., 2003) However,
Future Directions. —Overall, the future of SINEs for once the SNP assays are developed, they could potentially
resolving important questions in turtle phylogeny looksproduce better quality data and be more cost effective and
bright. Their abundance in the genome provides the oppoefficient than microsatellites.
tunity to address the second limitation by identifyingavery = Demography, Population Genetics, and Phylo-
great number of SINE markers, so that resolution willgeography. —Similar to paternity studies, a larger number
ultimately be obtained across most or all of the importanbf SNP versus microsatellite loci are required for estimates
nodes in the turtle phylogeny, within the 50 million yearof genetic diversity, gene flow, effective population size,
window. This development will be greatly assisted by im-and other population parameters (Morin et al., 2004). The
proved knowledge of the turtle genome, either through thextra effort required in isolating loci is offset by the better
development of selected BAC libraries (see below) andesolution obtained from SNPs with fewer assumptions
ultimately, one hopes, a turtle genome project. In the meamompared to microsatellites (Brumfield et al., 2003).
time, novel approaches to focusing attention on particulaEstimates of population parameters sudhasre likely to
problematic nodes may be possible by combining subtradse more accurate with SNPs than with microsatellites and

tive hybridization with screening. AFLP because (i) their mutational mechanisms are relatively
well characterized, (ii) they may be less subject to homoplasy,
Single Nucleotide Polymorphisms (SNPs) (iii) they potentially have a reduced interlocus sampling

variance as a consequence of the large number of loci
Single nucleotide polymorphisms (SNPs) are rapidlyavailable for analysis, and (iv) they have less within-
becoming valuable genetic markers because they are tpepulation variation which guards against artificially low
most common source of variation among individuals — &, estimates (Kalinowski, 2002; Nicholson et al., 2002;
SNP occurs on average every 300-500 bases in the humBrumfield et al., 2003).
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Species Delimitation. +a the identification of cryptic A diverse array of methods is available for genotyping
species and hybridization, the application of SNPs has be@NPs (reviewed extensively by Kwok, 2001). Well estab-
extremely successful using a relatively small numbers dished methods such as PCR-RFLP and PCR-SSCP can be
markers. For example, Belfioetal. (2003) developed three used to cost effectively genotype SNPs using standard
SNPs that were 90% effective in discriminating among foutaboratory equipment (Doi et al., 2004). High throughput
species of Eurasian vol#licrotus), a success rate higher can be achieved using newer methods such as primer exten-
than at the nucleg53 locus (DeWoody, 1999). Further, a sion (Lietal., 1999), hybridization (Howell et al., 1999), and
study of willow warblers used a single SNP to distinguishnvasive cleavage assays (Lyamichev et al., 2000). For rapid
two subspecies that could not be differentiated using mitagenotyping, these techniques can be modified to be used in
chondrial or microsatellite markers (Bensch et al., 2002)microarray platforms (Dalma-Weiszhausz and Murphy,
SNPs, owing to their codominance, are also effective in th2002; Heller, 2002; Jenkins and Gibson, 2002). In addition,
detection of hybridization and introgression (see Saetre et rapid form of sequencing by DNA synthesis,
al., 2001, for a more extensive description). pyrosequencing, which produces light upon the incorpora-

Wildlife Forensics. —SNPs will have immense utility in  tion of the correct nucleotide, can be advantageous over
wildlife forensics, especially when poaching evidence consistisybridization applications (Ronaghi, 2001).
of samples that may yield degraded DNA, such as a fragment Limitations. —Discovery of SNPs without ascertain-
of carapace or meat from amarket (Sarkar and Kashyap, 2008)ent bias has been a major limitation to their use. Biases can
SNPs can be genotyped from degraded DNA more efficientlpe reduced by the selection of a large panel of individuals for
than any other nuclear marker due to the small size of the DN#creening and inclusion of loci that display lower levels of
fragment being amplified, and diagnostic SNPs can be foundariability (Nielsen, 2000; Schlétterer and Harr, 2002).
at all taxonomic levels. For example, a SNP assay has be8tatistical analyses to correct for biases in SNP data are also
developed in the Chinook salmon which can identify theavailable, such as maximum likelihood models (Kuhner et
country of origin of the fish and thereby aid in the regulation ofl. 2000; Nielsen, 2000).
the trade (see Smitt al., 2005). Future Directions. —SNPs are emerging as markers

Evolutionary Genetics. -SNPs are useful in the detec- with the potential for wide ranging applications in chelonian
tion of adaptive variation and in drawing inferences orbiology. For some applications, only a few SNP loci are
population demographic history. Signatures of natural seequired, such as for species diagnostics and identifying the
lection in populations have been detected with comprehemeographic origins of individuals; applications which will
sive SNP maps (Akey et al., 2002; Nielsen, 2005). Thée particularly useful in wildlife forensics to monitor trade
abundance of SNPs in the genome and thatential for  of turtle populations worldwide. Furthermore, an exciting
rapid genotyping makes them ideal markers to map Quantipplication of SNPs will be to study adaptive evolution in
tative Trait Loci (QTL). QTL studies seek to identify the loci turtles to gain insights on how phenotypic traits are inherited
responsible for phenotypic traits, and can thereby shed liglaind how they might respond to changes in environmental
on how continuous traits are inherited in populations and theonditions. However, ascertainment bias remains a major
influence of evolutionary processes on these traits (Slate burdle that must be overcome before SNPs can be reliably

al., 2002; Weinig and Schmitt, 2004; Slate, 2005). used in population and evolutionary studies.
Data Collection and Analyses. SNP discovery (as-

certainment) is successful through BACs and other previ- GENOMICS AND GENE EXPRESSION

ously sequenced information (Marth et al., 2001; Saetre et

al., 2001; Bensch et al., 2002; Primmer et al., 2002; Belfiore Comparative Genomics: BACs

et al., 2003; Brugmans et al., 2003; Nicod and Largiader,

2003). Alternative strategies include the reduced represen- The comparative genomics of vertebrates is still in
tation shotgun approach (RRS) in which DNA from manyits infancy, with only a single avian genome sequenced
individuals are mixed together and subjected to restrictiothus far and no non-avian reptile genomes. Still, the time
enzyme digestion. The resultant fragments are incorporates ripe for forays into the comparative genomics of
into plasmids. This plasmid library is then sequenced, antiirtles. In particular, the recent availability of a Bacterial
overlapping sequences are screened for SNP polymorphismstificial Chromosome (BAC) library from a painted
(Altshuleret al., 2000). More recent approaches identify thaurtle (Chrysemys picfapaves the way for a scaling-up
SNPs causing a polymorphism in the allelic states of anf genomic inquiries in turtles and for amassing large-
AFLP marker (i.e., present and absent states) and convestale information on the structure and organization of
these into SNP markers (Nicod and Largiader, 2003; similaiurtle genomes. BAC libraries are a means by which very
to the approach in Fitzpatrick and Shaffer, 2004 ). SNPs mdgng pieces of DNA (100,000 — 200,000 base pairs) can
be discovered in restriction enzyme recognition sites, thbe isolated (cloned), sequestered from the remainder of
primer annealing sites or within an AFLP fragment itselfthe genome, and studied in detail. Although the sequenc-
(Bensch et al., 2002; Brugmans et al., 2003). These tecing of a turtle genome may still be several years away,
nigues appear to be promising for the discovery of largBAC libraries will provide a useful resource in the
numbers of SNP loci in non-model organisms. interim for studying turtle genomics.
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Applications of BACs to Chelonian Biology primed using sequence in the B&€xtor. Such a survey has
been conducted f@hrysemys pictdeading to several new
Phylogenetics, Marker Development, and Genome Evansights into turtle genome evolution and phylogeny
lution. —Why is cloning long pieces of DNA of interest to (Shedlock et al., unpubl. data). An important spin-off for
the evolution, comparative genomics, molecular evolutionsuch BAC-end sequencing surveys (or end-sequence sur-
‘evo-devoand systematics of turtles and other vertebrates@eys of any type of clone) are the release of large numbers
First, the sheer size of pieces of DNA that can be isolateaf loci for use in phylogeography and molecular systematics
and eventually sequenced (Harris and Murphy, 2001), meaffldare, 2001; Matthee et al., 2001; Jennings and Edwards,
that a vast number of molecular characters are immediateB005). With any given clone-end read, one can immediately
available for study. Unlike short pieces of DNA amplified by design primers for PCR for studying within- or between-
PCR, BAC library inserts provide contiguous stretches obpecies variation (see nuclear gene region section), although
DNA, thereby permitting a more seamless integration othe phylogenetic resolution of any given sequence must be
molecular systematics and genome evolution (Pollock et aldetermined empirically. The loci typically recovered in a
2000; Edwards et al., 2005). The large amounts of contigwelone-end sequencing survey are noncoding and often ‘anony-
ous sequence data (contigs) that can be characterized franous’ in so far as they do not match any known loci to a
BAC libraries in a phylogenetic context will yield new significant degree when data bases such as Genbank are
insights into phylogenetic analysis of genomic data. Fomterrogated by a BLAST or other similarity search. Such
example, Thomas et al. (2003) used contigs of the regidici are of maximal interest to multilocus phylogeography
containing the cystic fibrosis gene constructed from BACbhecause they will tend to be more variable than currently
clones to sequence up to 1.8 Megabases (Mb) of DNA froravailable markers.
several mammals and a chicken. Such sequence datayielded Gene Function and Expression.Arother key feature
abundant retroelements (such as SINEs and LINES), whiabf BAC clones is that they contain not only coding regions
in turn serve as cladistic characters in a phylogenetic analgf genes but all of the noncoding, regulatory regions that
sis (Shedlock and Okada, 2000). The alignment of thesaffect gene expression. Such regions are frequently found
sequences also revealed numerous non-coding regions timimediately upstream of genes but can often be tens of
were highly conserved between species, providing a detailddlobases away from the coding regions themselves. Thus
view of regions that could be important for regulation andBAC clones can often capture in a single clone all of the
genome stability. Another recent example of large-scaleegulatory elements and coding regions of a particular gene
discovery of phylogenetically important information comesor gene family. This makes possible a variety of experiments
from comparative genomic studies of the coelacanth anith developmental biology, such as expression of turtle gene
bichir, a primitive ray-finned fish and basal tetrapod, respecfamilies in developing embryos of model species to examine
tively (Chiu et al., 2004; Noonan et al., 2004). BAC librariesdevelopmental consequences of gene misexpression (Heintz,
have proved indispensable for identifying and characteriz2000; Takahashi et al., 2000; Carvajal et al., 2001; Giraldo
ing multigene families that are important for developmentand Montoliu, 2001).
For instance, one can examine conserved and nonconserved Chromosome Mapping. 4adividual BAC clones are
regions in these genes in comparison to sequenced orgdarge enough to be visualized after fluorescent labeling and
isms to elucidate possible noncoding, conserved functiohybridization to metaphase chromosomes, as ir-t5él
regions. Also, data mining and sequence analysis from BA@&chnique (fluorescent in-situ hybridization). By contrast,
libraries can identify expansions or contractions of genéndividual PCR products and many cDNA clones are too
families (Miyake and Amemiya, 2004). In addition, BAC shortto use in FISH and often do not provide areliably strong
libraries ultimately pave the way for whole-genome sesignal of hybridization to a target sequence on the chromo-
guencing as they can effectively serve as waypoints in theome. Thus BAC clones provide a critical tool for locating
landscape of the genome. genes and gene families on turtle chromosomes. Such stud-
BAC libraries are an efficient means for understandinges will provide an important window into turtle chromo-
broad-scale patterns within genomes without actually sesome evolution. Thus far the resolution provided by hybrid-
guencing entire genomes, or even targeted regions. Featureation of whole chickehromosomes to turtlkaryo-
such as the frequency of various families of repetitiveypes has revealed that entire chromosomes found in
elements and retroelements, as well as base compositiortattles may have remained intact in birds, as in the
andisochorestructure, can be mined from BAC libraries in example provided by hybridization of a chicken Z chro-
several ways. First, one can conduct hybridizations of spenosome to the entirety of a turtle chromosome 5 and no
cific genes or repetitive elements to filters on which theother chromosomes (Graves and Shetty, 2001). How-
entire BAC library is spotted. In this way, one can obtain arever, even such evidence leaves room for small-scale
estimate of the frequency of the particular element in thgenomidranslocationsthat might not be detected using
genome of the interrogated species. Second, one can surwekiole-chromosome hybridizations, particularly of single-
the basic structure of a vertebrate genome by conductingcapy regions that may not provide an amplified fluores-
BAC-end sequencing survey, which consists of amassingence signal. BAC clones are ideal for such purposes.
thousands of sequence reads from the ends of BAC clondé2teliminary investigations of chromosome assignments
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of several turtle genes are underway, particulgeges and shell development, in a genetic and genomic context.
in the sex determining pathway and sex-linked genes (NLhus, we review technologies that allow researchers to

Valenzuela, unpubl. data; D. Janes, unpubl. data). profile gene expression.
Future Directions. —Overall the prospects for robust
comparative genomics of turtles are very strong provided The Candidate Gene Approach

that the appropriate resources are made available to the
wider community. Ideally all such resources should be Thecandidate gene approach is one where a gene shown
available through distribution centers; tBerysemys picta to perform a particular function in model systems is exam-
BAC library and additional technical information can beined for a similar role in non-model organisms. For example,
accessed through the Joint Genome Institute (JGI) web siseveral genes known to be involved in the sex determination
on available BAC libraries: http://evogen.jgi.doe.gov/pathway of mammals and birds were profiled in turtles and
second_levels/BACs/Our_libraries.html. may have important roles in temperature-dependent sex
Using a ‘community genomics’ approach and the apdetermination (Spotila et al., 1998; Kettlewell et al., 2000;
propriate genomic resources, large scale projects in animBlace etal., 2001; Loffler etal., 2003; Murdock and Wibbels,
molecular systematics can be tackled by coordinated effor003a,b; Place and Lance, 2004; Valenzuela et al., 2006;
of single-PI laboratories as well as genome centers, even f¥ialenzuela and Shikano, 2007). Candidate genes have also
problems that are not of high priority to genome centergead to a greater understanding of shell and body plan
(Edwards et al., 2005). In fact, efforts are underway talevelopment in turtles (Gilbert et al., 2001; Loredo et al.,
identify SNPs and sequences that amplify across turtles fro2001; Vincent et al., 2003; Ohya et al., 2005). Interestingly,
theC. pictaBAC library, an endeavor that will make many examination of Hox gene expression, major controllers of
more genetic markers available (Thomson, Edwards, anahterior-posterior body axis in developmentP&lodiscus
Shaffer, unpubl. daté@uch large-scale genomics approachesinensisshowed definite discrepancies in the way turtles, as
are a natural complement to typical molecular systematiospposed to mammals and birds, build their body (Ohya et al.,
endeavors utilizing PCR, and will forge an even tighter link2005). The candidate gene approach is arelatively inexpensive
between genome evolution and systematics. With judiciouaay to discover expression pattern and level differences among
use of the available BAC library, and continued attention tdineages and treatments and can be imagined to help unravel
production of important genomic resources for turtles, thehe several turtle queries like the ones outlined below.
turtle community could lead the way in these importantnew  Future Directions. —Convergent evolution in head

directions. shape of the bigheaded turfatysternon megacephalym
and the alligator snapping turtiacrochelys temminckii,
Gene expression: cDNAs, ESTs, RT-PCR, could be explored using the same genes that partly control
Microarrays, Functional Assays, and RNAI beak dimensions in Darwin’'s finches (Abzhanov et al.,

2004, 2006 [bone morphogenetic proteirand calmodulin])
Firmly linking an organism’s genotype to its phenotypeor molecular genetic effects of inhabiting polluted, frag-
is one of the mostimportant, yet, ambitious goals of molecumented landscapes could be assayed through examining
lar genetics. Technological advances are now allowing folevels oftypical stress response genes (Evron et al., 2006;
researchers to dissect at a molecular level fundament@risaru etal., 2006; Song et al., 1991 [i.e. acetylcholinesterase
guestions, such as how organisms react to different enviroand the glucocorticoid receptor]) in turtles living in degraded
ments and what contributes to morphological diversity amongersus relatively pristine habitats. Although the candidate gene
species. A useful starting point for such molecular studies iapproach is extremely valuable, the opportunity to profile
to profile gene expression. That is, outlining where the genexpression of thousands of genes in nonmodel organisms is
is expressed (i.e., what tissue or cell), when the gene ecoming rapidly accessible through complementary tech-
expressed (developmental stage, environment, season, etaifjues, some of which have actually been implemented in a
the degree to which a gene is expressed relative to othttle system (Kuraku et al., 2005; Storey, 2005).
genes or other treatments (treatment is used here to refer to
a developmental stage, tissue, and environmental condition, Complementary DNA (cDNA)
etc.), and finally, what happens when the gene is purpose- and Expressed Sequence Tags (ESTs)
fully over-expressed or physically turned off. Indeed, recent
advances in assessing gene expression have allowed biolo- Full-length cDNAs are DNA copies of messenger
gists to pinpoint the genetic basis of major evolutionaryfRNA (MRNA) transcripts created by a process called
transitions (e.g., limblessness in snakes, Cohn and Tickl®everse-Transcriptase PCRT-PCR; capable of re-
1999) and even adaptive traits contributing to species radiaerse transcription up to about 20kb; Fig. 5). As DNA is
tions (e.g., beak depth and length in Darwin’s finchesinherently more stable than RNA, cDNA provides a way
Abzhanov et al., 2004, 2006). to keep a “library” of the organism’s tissue/condition-
Turtles may serve as an excellent system in which tgpecific transcriptome cloned inpdasmid vectors (cir-
analyze a wide array of biological phenomena, such asular pieces of bacterial or phage DNA; detailed in
temperature-dependant sex determination, cold tolerancBgecker et al. [2003]). Expressed Sequence Tags (ESTs)
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are generally created by one sequencing reaction fromfanctional mRNA, they provide a gene expression profile
cDNA clone, range between 200-800 nucleotides longfrom the treatment from which the mRNA was extracted
and provide a snippet of data with which one can identiffMcCarter et al., 2000). Homologs and functional groups
genes that are being expressed in a certain treatmecdn be identified by comparing novel EST data to data
(Holloway et al., 2002). This technique allows for thecreated by other sequencing efforts (Ton et al., 2000). Full
relatively cheap, fast generation of large amounts o$equences of informative cDNAs can then be retrieved by
transcript data which can be an invaluable resource faequencing the entire clone. For example, cDNA library
studies of evolution and development. As of Augustscreens were used to identify anoxia responsive genes in
2007, over 45 million of these snippets from a variety ofTrachemys scripta elegaasd freeze responsive genes in
organisms and treatments were available through th€hrysemys picta margina{&torey, 2005).

national EST repositories (dbEST and Unigene data- ESTSs can also identify similar but unique transcripts of
bases from the National Center for Biotechnology Infor-the same gene (i.e., isoforms). When aligned with genomic

mation [NCBI]). DNA, ESTs canilluminate splice variants, exon boundaries,
and polymorphisms in untranslated regions (Wolfsberg and
Applications of cDNA and ESTs Landsman, 1997; Ulrich, 2000; Gemiind et al., 2001).

Marker Development. —Phylogenetic and phylo-
Gene Discovery and ldentification. First developed geographic studies are enhanced by the use of multiple,
in 1991 for use in human gene discovery, ESTs are one of thalinked markers and existing EST projects as well as turtle
most useful tools for gene identification (Adams et al., 1991specific EST projects, can generate primers to accomplish
Wolfsberg and Landsman, 1997). Since ESTs represettis (Brumfield et al., 2003). Because ESTs are copies of
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Figure 5. Messenger RNA (MRNA) is specific to the tissue and time it was taken from an organism. mRNA can be reverse transcribed
into complementary DNA (cDNA) for a variety of usBattom Left: cDNA can be cloned into a plasmid and sequenced to produce an
expressed sequence tag (EST). An EST is one sequence read from an end of the cloned cDNA. When many ESTs are sequenced one can
obtain a good estimate of which genes are expre$sgdLeft: EST collections and cDNA clones can both be utilized to create a
microarray. Thousands of these DNA segments, called “probes,” are printed on a specially treated glass slide. Eaclaloipe slide
represents a probe. Shown here is the result of an experiment using two conditions, for instance, warm and cold temiegegares du
determination. The lightest dots represent those probes that are over-expressed in the cold treatment relative to threevdrifHeca
darkest dots represent those probes that are over-expressed in the warm treatment relative to the cold treatment. Doisightnegi
represent genes that are relatively evenly expressed in both treaffopriRéght: Quantitative PCR assays gene expression for a limited
number of genes. The relative starting concentrations of genes are measured by surveying the quantity of PCR produBtey&ach PC
leading to this method also being called real-time FE&fRom Right: EST sequencing can provide thousands of potential markers. One
way to identify variable markers is to develop primers in two exons of a cDNA and use the same primers to amplify the gle A TEne

will span an intron, an often variable nuclear region.
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MRNA and do not include intron sequences, conservesampling, as the extensive turtle collections in museums
primers can be anchored in ESTs that might amplify variablare often times much easier to access than fresh field
introns across disparate turtle groups (Fig. 5; similar to thepecimens.
strategy employed by Fujita et al. [2004] to discover the  Once the RNA is extracted and analyzed, researchers
nuclearintron R35). SNPs can also be revealed by comparimgust take into account that the transcription of a gene into
ESTs between closely related species. In fact, empirical dataRNA does not necessarily mean the mRNA is translated
suggest that each EST will conta@nt leastone SNP into a protein product. Several molecular mechanisms for
(Brumfield etal., 2003). Lastly, ESTs can serve as probes failencing and stability reduction of transcripts are known
BAC libraries and isolate a gene of interest even when usddetailed in RNAI section below), and so upregulation of a
from related species (McCarter et al., 2000). gene’s transcription is not sufficient to demonstrate that a
Evolutionary Genetics. —Fhe shear volume of ESTs gene is responsible for a certain phenotype. Functional
generated by gene discovery projects provides a resource fgsays are usually required to confirm that increased mRNA
surveys of genomic variation for evolutionary studies. Fotranscription is responsible, or partly responsible, for the
example, in a gene discovery project for chicken skeletgthenotype exhibited. Most commonly, functional assays
system development, over 6000 ESTs were generated (Jorigelude inoculating the organism with a recombinant viral
et al., 2004). vector to over-express the gene of interest (detailed in Smith
Jaramillo-Correa et al. (2001) used quantitative trait@and Sinclair, 2004) or employing RNAI to turn off a gene’s
and markers developed from polymorphic ESTs to assay f@xpression (see below).
signatures of population differentiation and compared these  Further, cDNA library construction is subject to con-
measures to investigate adaptive evolutiop{R,, com-  tamination by bacteriophages, bias toward smaller, more
parison) in white spruceRicea glauca Likewise, 95 abundant mRNAs, and is only truly relevant for the tissue,
microsatellite loci in noncoding regions of transcripts fromtime, and development stage from which itis made (detailed
Atlantic salmonSalmo salarwere identified in EST data- in Becker et al., 2003). These problems are compounded in
bases and tested for signatures of selection, despite the fauture applications like EST generation. The use of kits or
that microsatellites are thought to evolve in a neutral fashiooontracting experienced companies can ameliorate contami-
(Vaseméagi et al., 2005). These authors also showed thahtion and biases while not contributing excessively to the
some microsatellites displayed non-neutral patterns of eva@ost of an experiment (Lucigen, AmpliconExpress, GATC
lution because they were tightly linked to genes undeBiotech [typical cost is approximately $6000 to supply a
selection. Following loci with non-neutral patterns of evolu-tissue sample and receive a complete library in return)).
tion may be especially useful in identifying genes affectedilso, although as many or as few ESTs can be generated
by selection in taxa such as turtles that lack extensive genefiom a cDNA library, typically several thousand sequence
resources or linkage maps. reads may be needed for the EST collection to have much
Limitations. —Unlike genomic DNA, which will be  utility and justify the cost of a relatively pricey cDNA
relatively uniform in nearly every somatic cell in an construction. In such mass sequencing missions, ESTs are
organism’s body, specific mMRNAs will only be found in typically not checked for sequencing errors because minor
the specific tissues and during times when the gene imistakes usually do not prevent the matching of the EST to
being expressed. This can make the acquisition of spasequences of other organisms for identification (McCarter et
cific mRNAs difficult because RNA must be taken from al., 2000). This tolerance for inaccuracies may pose a problem
the proper tissue during the treatment or developmentiéf the ESTs are used for applications like SNP detection or
stage of interest, often requiring that specimens be sagp+otein sequence prediction. Lastly, sequencing of ESTs will
rificed in the process. Further, RNA molecules are inherresult in redundant data. Although over 6000 ESTs were
ently more unstable than DNA, and in this respectsequencedinthe chicken development study mentioned above,
special care must be taken when handling samples ionly 2329 were unique after clustering (Jorge et al., 2004).
order to avoid contamination by somewhat ubiquitous  Future Directions. —targe amounts of EST data may
RNA degraders called RNAses. Historically, tissuebe expected for future projects in chelonian gene discovery.
samples would be flash frozen in liquid nitrogen toSubsequently, thousands of potential phylogenetic markers
preserve the molecule’s integrity, but preservation prodwill be generated by these large EST projects. Bapteste et al.
ucts (e.g., RNAlater) have been developed and mag2002) illustrated the power of ESTs by identifying 123
provide better results if optimal harvest and storag®rthologous genes which helped to resolve important, but
conditions are not met. In addition, some studies havpreviously unclear phylogenetic relationships in amoeboid
succeeded in extracting EST quality data from formalindineages.
fixed, paraffin-embedded tissue that may enable the use
of preserved specimens for gene identification, but not Real-Time PCR
guantification (Lewis et al., 2001). Difficulties of forma-
lin-fixed nucleic acid extraction have also been prohibi-  Real-Time PCR (RT-PCR) or Quantitative PCR (Q-
tive, however, a successful extraction protocol couldPCR) is capable of tracking the amount of amplified DNA
help researchers achieve a much deeper phylogeneticoduced at each cycle with the use of fluorescent dyes, thus
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allowing the quantification of the initial RNA template (Fig. same gene (Weaver, 2005). All of these can contribute to
5). The acronym RT-PCR is also commonly used for Refunctional differences in the mRNA's role. Therefore, when
verse Transcriptase PCR, where an RNA template is comeasuring the amount of mRNA with Q-PCR, primers
verted to cDNA. These are simple, sensitive techniques fahould be designed that only amplify the functional isoform
guantifying the relative number of gene transcripts in af interest. Otherwise, the number of transcripts being mea-
particular tissue sample and are especially good for use wiured may be artificially inflated because investigators are
small sample volumes and discerning between related traa€tually measuring many related but functionally
scripts. The method is performed by measuring the PCRonsynonymous transcripts.
cycle at which the fluorescently labeled product can first be
detected above background fluorescence. If, for instance, Microarrays
more copies of a particular gene are present in condition A
than in condition B, then condition A’s product will be Since their introduction in 1991 (Fodor et al., 1991),
detected at an earlier cycle, and it may be concluded that théicroarrays have been employed successfully to explore
gene being investigated is being up-regulated or over-exelative gene expression in many systems in a high-through-
pressed in condition A. put way. As with Q-PCR and QRT-PCR, microarrays can
Gene Discovery and Comparative Gene Expression. -tell researchers what genes are being expressed, when they
Comparing transcript levels is necessary in gene expressiane being expressed, where they are being expressed, and to
studies and is useful in understanding differences acrosome degree, how much they are being expressed.
treatments, individuals, species, etc. Differences in genklicroarrays, however, are not limited to small sets of genes
expression, along with knowledge of the suspected gen&f known sequence as in QRT-PCR. Furthermore,
function in other species, can help infer the gene’s role. Fanicroarrays can be adapted to scan tens of thousands of
example, Kettlewell et al. (2000) used Q-PCR to assesgenes, sometimes without knowing their sequence (anony-
expression levels dmrt-1in developing male and female mous cDNA microarrays). This high-throughput ability
embryos of a turtle with temperature-dependent sex detegives researchers enormous possibilities in understanding
mination (TSD),Trachemys scriptaand discovered that phenotypes and interactions between the genotype and the
Dmrt-1 shows higher levels of expression in males than irnvironment.
females. Becaudemrt-1also performs male specific func- Traditional microarrays attach ‘probes’ (Fig. 5; cDNAs,
tionsinarange of taxa, and even has functional and sequera@onucleotides made from ESTs, genomic sequence, or
homologs irDrosophilaandCaenorhabditis eleganthese  even BACs, also called ‘features’) to a pretreated glass slide.
authors suggested tHamrt-1is important for sex determi- These probes then hybridize to ‘targets,” which are
nation inT. scripta Further, comparative gene expressionfluorescently labeled cDNAs made from the mRNA of the
profiling has also provided insight into the evolutionarytreatment of interest, in order to assay gene expression in that
divergence of the developmental network underlying sexreatment. Stoughton (2005) and Holloway et al. (2002)
determination in turtles, helping identify candidate genesffered comprehensive reviews of this technology, but mul-
(e.g.,SfJ for the role of master TSD switch (Valenzuela ettitudes of variations on this theme are presentin the literature
al., 2006; Valenzuela and Shikano, 2007). The utility of(for alternative microarray techniques see Brenner et al.,
guantifying transcripts and making cDNAs for gene discov2000; Hegarty et al., 2005).
ery can be expanded to identify genetic signatures of local

and clinal adaptation, or to understand physiological pro- Applications of Microarrays
cesses, environmental response, ontogeny, and phyloge-
netic relationships (Gibson, 2002). Gene Discovery. —bDue to the large amount of

Limitations. —Because QRT-PCR is used to measuresequence information required to construct the probes
difference is transcript number, and because mRNA is sfwor oligonucleotide microarrays, such arrays hold poten-
unstable, the QRT-PCR method is extremely sensitive ttal for substantial gene discovery. Hybridization of the
investigator error. For example, if one sample is fresher diargets to the probes helps identify genes expressed in a
bigger, then it might yield far more transcript copies tharparticular treatment as well. For example, microarrays
another (Wong and Medrano, 2005). To account for some dfelped to identify a suite of genes responsible for a shift
these issues, investigators should employ a normalizatian worker to foraging behavior by honey bedypis
method. A conservative normalization method is to measunmellifera; Whitfield et al., 2003) and nearly 100 genes
multiple housekeeping genes (i.e., genes that are constitutivelyat are candidates in social status modifications of
‘on’ and relatively evenly expressed across tissues and indeichlids (Renn et al., 2004). Further, a variation on the
viduals along with each sample; Wong and Medrano, 2005microarray, microbeads (detailed below), allowed re-

Further, many genes are modified by transcription andearchers to identify genes involved in shell formation
translation machinery differently. That is to say, the saméy targeting the carapacial ridge of the Chinese soft-
genomic DNA may make multiple mRNAs by using differ- shelled turtlePelodiscus sinensi&uraku et al., 2005).
ent translation or transcription start and stop sites and diffeAnother variation on the microarray technology, em-
ent intron splice sites, resulting in different ‘isoforms’ of the ploying microarrays made from model organisms in-
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stead of from the species of interest, was recently used tf interest for shell formation) and the thoracic region (a
discover genes associated with cold tolerance in turtlesegative control) were “cloned” separately onto microbeads
(Storey, 2005). to create two libraries (Brenner et al., 2000). The two
Evolutionary Genetics. Population level applications libraries were then hybridized together, automatically sorted,
of microarrays can help uncover unigue genetic variation aand ones that showed higher signals (i.e., higher expression)
variable responses to environmental pressures in populéer the carapacial ridge were sequenced and further identi-
tions that may be extremely difficult to discover via candi-fied. Microbeads do not requir@ priori knowledge of
date gene approach or other traditional DNA sequencingequences or chip layout design and therefore can circum-
methods. Because phenotypic diversity without large DNAsent the common prohibitive problems of cost, time, and
sequence divergence can still signify local adaptation, changbsiited tissue samples which may plague other turtle re-
in gene expression and regulation may be illustrative o$earchers interested in the microarray technology.
overall disparity between species (Schlétterer, 2002). There-
fore, gene expression can greatly contribute to unique evo- RNA Interference (RNAI)
lutionary trajectories of populations and species. Microarrays
can help uncover these local, possibly adaptive differences RNA interference (RNAI), a type of gene silencing, can
in gene expression, thus identifying unique populations thathed light on developmental and adaptive processes by “knock-
warrant conservation (Turgeon and Bernatchez, 2003). ingdown” or “knocking out” the expression of particular genes
Limitations. —Mlicroarrays are powerful tools, and re- and allows observation of the effects that turning a specific
quire comparable levels of statistical and bioinformatic strengtgene down or off has on particular phenotypes (see Mello and
in analyzing the results (Stoughton, 2005). However, eveffante, 2004, for more technical information). RNAI takes
with the help of a strong bioinformatics resource, extractingidvantage of an innate defense system used by the organism
biological meaning from such alarge and complex dataset is avhich degrades double stranded RNA in a sequence specific
arduous, on-going process (Butte, 2002). For quantificatiofashion (Guo and Kempheus, 1995; Fire et al., 1998; reviewed
between two treatments, typically multi-chip experiments arén Cogoni and Macino, 2000; Guru, 2000; Hammond et al.,
required and statisticians are needed to design experimer2801). By introducing foreign dsRNA with sequence identical
with maximum power, as factors such as the day the chips weoe nearly identical to the gene of interest, the cell machinery
hybridized to the scanner used to view the fluorescence can adaturally converts them into small RNA (siRNA or microRNA
greatly to the variability of results. Interesting gene expressiofmiRNA]), which target mRNA similar in sequence for degra-
results are typically confirmed using QRT-PCR, becauseéation and reduced gene expression. Thus, the silenced gene is
variation in microarray output data may be due to thestranscribed but rapid degradation of the transcripts prevents
experimental inconsistencies and not genuine gene expressibieir accumulation and associated function. Small RNA can
differences (Pinhasov et al., 2004). also down-regulate gene expression by transcriptional silenc-
In addition, microarrays are expensive in terms of timang, or translational inhibition of mismatched targets (Morris
and money. A start to finish project (i.e., development of art al., 2004).
array from EST construction to confirmation of results) may
take a lab studying a non-model organism two to four years, Applications of RNAI
even when collaborating with high-throughput labs and
computational specialists (detailed Holloway et al., 2002;  Gene Function. -RNAi techniques are well suited for
Bowtell and Sambrook, 2003; Stoughton, 2005). developmental and physiological studies to determine gene
Future Directions. —A current alternative to using function, genetic pathway analysis, and to examine gene
turtle-specific microarrays is to hybridize turtle mRNA to redundancy. As such, this technique can be extended to
prefabricated microarrays from other model species such @svestigate fitness consequences associated with particular
chicken or human. Using nonspecific microarrays can progenes and gene functions, and thus to examine the genetic
vide an invaluable starting point in gene discovery. In factyariability underlying adaptive variation and adaptive po-
more than twelve genes involved in freeze tolerance angéntial in particular taxa. Its main strength derives from
anoxia inC. p. marginatawere identified by hybridizing being an experimental rather than a correlative approach to
turtle mRNA to human microarrays (Storey, 2005). Otheiidentifying genetic variation underlying target phenotypes
cheaper and quicker alternatives to typical microarraysith important fithess consequences. Although still incipi-
include anonymous cDNA microarrays, focused microarraysnt in its application to vertebratesvivo, this and related
and macroarrays. These arrays usually provide informatiotechniques hold promise as tools to experimentally study
of similar quality and may be viable alternatives for turtletarget gene regulation and loss-of-function screening (Cullen,
investigators (Becker et al., 2003; Wurmbach et al., 2002005). This derives from the fact that natural miRNA play a
Hegarty et al., 2005). key role inregulating vertebrate differentiation and develop-
Another alternative to using species-specific microarraysnent and thus, RNAI loss of function screening can shed
is the microbead library. Kuraku et al. (2005) used thidight on the connections and biological functions of bio-
technology for gene discovery in shell formationAn  chemical pathways (Silva et al., 2005, Wienholds and
sinesisHere, cDNAs from the carapacial ridge (the regionPlasterk, 2005). Important functions that have been targeted
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for study by this approach in vertebrates include DNAfor hosting the event. Jim Parham, Marjorie Matocq, Ryan
repair, apoptosis, cancer, and response to drugs among mdRgpp, and Lex Flagel provided valuable discussion. This
others (Silva et al., 2005; Dickins et al., 2005) that may havmaterial is based upon work supported by the NSF under
significant therapeutic applications. Similar experimentalgrant# DEB-0507916 for the Turtle Genetics workshop held
analysis is plausible for biological phenomena relevant técom 7—12 August 2005 at Harvard University. Additional
turtles, such as temperature tolerance, courtship and nestifigancial support for the workshop came from the Museum
behavior, sex determination, and aging, among others, @ Comparative Zoology (Harvard University), Chelonian
this technique allows the experimental identification ofResearch Foundation, and Conservation International.
those genes that are necessary and sufficient for particular
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ment unit is similar but does not typically require a large phyloge©Ortholog — Homologous sequences where sequence divergence

netic distance and instead only requires that the alleles frequenciesfollow speciation.

be diverging. PCR — PolymeraseChain Reaction is the exponential increase of
FISH —Fluorescenin Situ Hybridization, a technique of hybridizing DNA fragmentsn vitro using an enzyme (polymerase) that copies

a fluorescently labeled DNA probe to whole chromosomes to the DNA inbetween primers annealed to the flanking regions of the

determine the physical location of that marker. desired sequence.
Frame shift— A mutation that causes the reading frame of the codonBaralog —Homologous sequenc#sat have arisen by a duplication
to change; most commonly indels of 1 or 2 bases. event (i.e., hemoglobin and myoglobin). Each of the two duplicates

F..— A genetic measure of population subdivision that describes the are then on different evolutionary trajectories and are no longer
variation in allele frequencies among different populations; typi- comparable for phylogenetic analysis.
cally an F;, value of 0.25 is taken as evidence of substantiaPhylogeny —The evolutionary relationships of groups of organisms,
population differentiation. typically arranged in a branching diagram.

Gene—- A segment of DNA which performs a specific function such a®Phylogeography— The study of the patterns and processes respon-
coding for a protein, specifying a functional RNA molecule, or sible for the geographic distribution of genealogical lineages,
regulating other functions as in the case of DNA replication, chromo- particularly closely related species.
some segregation, or maintenance of chromosome integrity. Plasmid— A double stranded piece of DNA that is separate from the

Gene tree- Contained within a species tree, it represents a branching chromosomal DNA,; typically circular, ranging from 1-400 kb,
pattern of evolution as the gene is passed on to more than oneand varying from one copy to several hundreds of copies in the cell.
progeny per generation. Processes such as horizontal transfer, d&jmer — An RNA or DNA fragment about 20 bp long that supplies
coalescence, and gene duplication or extinction can result in the initial free end needed for DNA replication.
discordance between gene trees and species trees. Pseudogene- A previously active gene which has accumulated a

Genome- The complete genetic information contained in an organism. series of inactivating mutations.

Genotype— The particular allelic combinations found at a specific QTL analysis—QuantitativeT raitL oci analysis, a statistical way to

locus or loci of an individual (i.e., AA, Aa, aa). estimate the potential location on the genome coding for a complex
Heterozygous— An individual with two different alleles for the same  or quantitative trait (i.e., height).
gene. Restriction sites— A DNA sequence that is recognized by restriction

Homology — Sharing of characters because of their common ancestry. enzymes which then cut the DNA molecule at or near that
Homoplasy— Characters that evolved more than once (e.g., as by sequence.
convergent evolution) and were not present in the most receiRNA — A copy of DNA made into a polymer of ribonucleotides linked

common ancestor of the species sharing them. by phosphodiester bonds.
Homozygous— An individual carrying two identical alleles of a given RT-PCR —ReverseT ranscriptionPolymeraseChainReaction is a
gene. technique in which an RNA strand is reverse transcribed into its

Indel — An insertion or deletion of nucleotides in a DNA segment. DNA complement, followed by amplification of the resulting
Intron — A segment of noncoding DNA that separates coding parts DNA by PCR.Real-Time PCR— A PCR method capable of

(exons) within a gene. tracking the amount of amplified DNA produced at each cycle with
Isochore — A region of genomic DNA sequence in which G+C the use of fluorescent dyes, thus allowing the quantification of the
compositions are relatively uniform. initial template (also calleQuantitative PCR or RT-PCR [QPCR

Karyotype — The total set of all chromosomes of a cell of any living or QRT-PCR]).
organism, displayed in pairs, and arranged by size, such th&aturation — Multiple nucleotide substitutions at a site that erase
chromosomal aberrations and sex can be detected. phylogenetic signal because conserved nucleotides cannot be
Locus— A delimited section chromosome housing a particular gene distinguished from nucleotide sites that have independently mu-
or other marker. tated back to the same state (creating homoplasy).
Marker — A gene, mutation, or other sequence that serves as &INE and LINE — Retrotransposons with utility as phylogenetic
indicator of a known location in the genome. markers. SINEs (Short Interspersed Nuclear Elements) are
Mendelian — Markers that are inherited under Mendel's laws of nonautonomous, while LINEs (Long Interspersed Nuclear Ele-
equal, random segregation and independent assortment duringments) are autonomous (i.e., they can support their own transpo-
gamete production; examples include autosomal dominant, auto- sition).
somal recessive, and sex—linked recessive and dominant geneSNP— Single NucleotidePolymorphism, a single nucleotide differ-
Microarray — DNA sequences spotted on a microscope slide to ence between two or more individuals at a particular locus.
which a labeled DNA pool of interest is hybridized in search forSpecies tree- A phylogenetic tree representing the branching pattern

matching sequences. among species lineages.
Microsatellite — A DNA motif (2-6 bp long) repeated many times in Transcriptome — The total set of MRNA transcripts produced in an
tandem. individual at any given time.

mtDNA — DNA of the mitochondria, typically about 16.5 kilobases Translocation — Movement of a section of DNA from its current
(kb) for the entire genome. In animals, sequence evolution occurs location in a chromosome to a different chromosome.
more quickly than in most nuclear DNA. One exception includesTransposon— Sequences of DNA that can move around to different
nuclear microsatellites. positions within the genome of a single cell and, inthe process, may

Neutral processes- Genetic processes which are not governed by cause mutations and change the amount of DNAinagenome. They
selection (i.e., most commonly random genetic drift and random are also called jumping genes or mobile genetic elements.
mutation). Vector — A small DNA construct used in cloning, capable of carrying

Numt — Transferred pieces of mtDNA to nuclear chromosomal a foreign DNA fragment of interest into a host cell (sudb. asli
regions. bacteria) and facilitating its replication in that cell.
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AssTrACT. — Taxonomy is the logical outcome of systematic research and knowledge; together,
taxonomy and systematics form the basis for virtually all research in evolution, ecology, and
conservation biology. Turtle taxonomy has been a very active field in the last few decades,
particularly as new research has demonstrated that many traditionally recognized higher taxa are
not monophyletic and therefore in need of revision. Unfortunately, there has been little consensus on
how systematic research should be translated into taxonomic change, leading to a somewhat chaotic
situation, with taxonomic and nomenclatural instability and a greatly reduced ability to communi-
cate effectively with taxonomic names. We review the importance of a stable, efficient taxonomy for
turtles, both for improved scientific communication and as the legal and scientific foundation of
international conservation efforts, and suggest a set of guidelines for researchers to consider when
name changes are being considered. These guidelines emphasize the crucial importance of a strong,
well-supported phylogeny, clear criteria for species delimitation, and classifications that avoid
monotypic higher taxa and unnecessary nhame changes. Finally, we briefly discuss the Phylocode and
DNA barcoding as examples of the new directions in which taxonomy may be moving. We illustrate
our points with examples from turtles, and implore the community of turtle researchers and
conservationists to work together toward a stable taxonomy that will lead to both strong science and
effective conservation.

Key Worbps. — Reptilia; Testudines; taxonomy; nomenclature; systematics; turtles; Emydidae;
Actinemys Clemmys Emys Emydoidea phylocode; DNA barcoding

Taxonomy has been defined as “the naming andtable enough that we can use them to communicate that
assignment of organisms to taxa” (Futuyma, 1998) omformation efficiently. This dual goal, clarity of infor-
“the theory and practice of classifying organisms” (Mayrmation content and stability over time, are the corner-
and Ashlock, 1991). Taxonomy is one of the key elestones of effective taxonomies, and in this paper we
ments of the study and protection of biodiversity. Indiscuss these and other taxonomic issues with respect to
disciplines ranging from conservation biology to bioge-turtles.
ography to community ecology, we count, rank, classify, = Our working group consists of individuals who ap-
and study organisms and regions based on the names tipapach taxonomy from a number of diverse perspectives,
we give to taxa. Taxonomic names, be they speciesncluding conservation biology, evolutionary and popula-
subspecies, or more inclusive groups like genera, famtion genetics, paleontology, and systematics. Some of us
lies, or phyla, are both fluid (that is, they change fre-have proposed and implemented new names for turtles, and
guently) and potentially informative. Like any set of others have not. However, all of us have strong views on
names, taxonomies are most useful when the informatiowhat names mean, why they are important from our indi-
that they convey is unambiguous, and when they areidual research perspectives, and how they should be ap-
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plied to turtles. If our group agrees on two things, they ar¢hroughout this paper. One clear conclusion from our
that the names we use for species and higher groups arellective thinking is that taxonomic changes should be
critically important, and that genetics often has a role to plagonsidered only when the science indicates that they are
in helping determine those names. absolutely necessary (Dayrat, 2005), and even then, only
At the most fundamental level, the importance of taxwhen some attempt at consensus has been achieved. This
onomy and nomenclature stems from the simple fact that wapproach has not been followed in the recent literature on
all need to communicate effectively if we are to conducturtles, leading to a somewhat chaotic taxonomy that
our more specialized research or achieve our manageeither facilitates communication nor leads to nomencla-
ment goals. To take one simple example, the westenural stability.
pond turtle (Clemmys” marmoratphas been a candi-

date for listing under the US Endangered Species Act The Basics:

(USFWS, 1992), and the subject of at least one major Species and Subspecies are the Fundamental Units
recent genetic analysis (Spinks and Shaffer, 2005). For of Systematic Biology

decades, the species was classified Glemmys

marmorata(Baird and Girard, 1852) in the widely dis- Species. —Fhespecies is probably the most important

tributed family Emydidae. However, as the genuslevel of classification and is the only level that has been
Clemmyshas been demonstrated to be paraphyletisuggested to have biological “reality”. Animportant distinc-
(McDowell, 1964; Bickham et al., 1996; Lenk et al., tion exists between the conceptualization of species and the
1999; Feldman and Parham, 2002), the names whictmethods by which we recognize and delimit those species
have been assigned to the western pond turtle hayde Queiroz, 2005). The biological species concept, or BSC
includedEmys marmorat@where the genus nankgnys  (Mayr, 1963), has been historically important in turtles, and
includes the specieblandingii, orbicularis, and most systematists likely would concur that populations that
marmoratg, Actinemys marmoratdwhere Actinemys are reproductively isolated due to the evolution of intrinsic
includes onlymarmoratg and Clemmys marmorata reproductive isolating barriers should be considered as dis-
(where Clemmysis retained in its previous usage to tinct species. Phylogenetic, lineage-based, and genealogical
includeguttata insculpta muhlenbergijandmarmoratg. species concepts have been widely applied in the last decade
In this relatively simple case, the namAstinemys, or so, and at least some practitioners now feel that a unified
ClemmysandEmyslose their utility for communication “metapopulation lineage species concept” (that of an evolu-
when different researchers have different concepts dfonary lineage diverging through time) is broadly appli-
what those names mean. Also, searches of literaturable as a universal species concept (de Queiroz, 2005).
databases (e.g. Web of Knowledge) and DNA databasé$owever, a wide range of criteria are used to delimit these
(GenBank) now yield a confusing combination of namedineages (Sites and Crandall, 2004), and accurate species
that makes access to these important tools increasingtielimitation is critically important to systematics, conserva-
difficult. And perhaps most disturbing from a conserva-tion, and evolutionary studies.
tion perspective, regulatory agencies may no longer Whateverspecies criteriaare appliedtoturtles, itis clear
recognize the taxon as being listed on various protectetthat the use of molecular genetic techniques has aided, and
species lists until the new name can be formally recogwill continue to aid, in the identification of new species and
nized and added to those lists. Although informaticghe delimitation of existing ones. In a recent review of 12
tools are under development to efficiently untangle theurrent methods for delimiting species, Sites and Crandall
confusion that stems from taxonomic instability (Pattersor{2004) noted that all 12 routinely rely on molecular data and
et al., 2006), the ideal solution is a stable taxonomy thaitleast 7 require it. Asur understanding of the number of
enhances communicati@nd information retrieval. species of turtles and their geographic distributions
Our goal in this paper is to highlight some of theimproves, our ability to recognize and conserve
important issues to consider when thinking about taxbiodiversity will increase. However, it is important to
onomy and classification, and in particular, when contemember that species recognition is a double-edged
sidering formal name changes. We focus on turtlessword. While reliable systematics studies based on
although most of our points apply equally well to anyappropriate data and analyses improves our
other group of organisms. One of the most difficultunderstanding, poorly conducted studies can set back
aspects of taxonomy is that it often includes a variety ofaxonomic progress and conservation efforts. We
opinions and points of view. However, for taxonomy toencourage chelonian systematists to be thorough in their
be most effective, a single set of names must be agreegproach, clear about their methods, and cautious in their
upon and used, and that set should remain reasonaldgnclusions (see also Dayrat, 2005). Studies in which
stable within the bounds of gradually expanding knowl-new species are described should state what species
edge of the particular group of organisms. Althoughconcept/criterion is being followed, and be consistent in
complete consensus among any group of users is prolis application. ldeally, both the concept and criterion
ably impossible to achieve, we hope that reasonablshould be establisheal priori so that all biologists can
agreement is possible, and emphasize its importanaevaluate the extent to which the data support a taxonomic
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decision and new data can be used to test the hypothegispulations of a species that share one or more distinc-
of species differentiation. Wkave formulated a set of tive features and occupy a different geographic area from
guidelines that summarize what we consider to be importamtther subspecies” (Futuyma, 1998).
considerations in new descriptions and renaming of turtletaxa, Subspecies are historically important components of
and present these guidelines under “Guidelines for Besthelonian systematics and taxonomy and as such we are
Scientific Practices” (see inset box). obliged to deal with them. Some systematists (including
Subspecies. —Subspecies are, at least for meta-some of the members of our working group) take the
zoans, the least inclusive taxonomic category that igposition that this level of classification should be dis-
recognized with a formal taxonomic rank. They havecarded—either a taxon is a diagnosable lineage, in which
been defined as “a named geographic race; a set ofse it should be formally recognized as a species, or it

Guidelines for Best Scientific Practices for Revising Taxonomy

Accepting that multiple, scientifically valid phi- tions or because the rules of priority would require evgn
losophies exist with respect to both species and highenore name changes if they were synonomized with thir
taxonomic categories, and that these are not likely to beore inclusive sister-taxa. In addition, one must al§o
reconciled any time soon, there are some recommendeemember that higher taxa containing a single livirlg
tions that are broadly applicable to taxonomic revisionsspecies may contain many described fossil species] in
We offer the following guidelines to workers in turtle which case that taxon is not monotypic.
taxonomy; think of them as caveats to keep in mind
when embarking on a taxonomic revision. 4. Names should not be changed unless there i

strong evidencéhat the existing names do not reflect

1. Nomenclatural stability should be maintained  phylogenetic relationships Although it may be tempt-
as much as possibleTaxonomic changes are inevi- ing to name novel nodes recovered from a phylogendtic
table. However, introducing new or unfamiliar namesanalysis, new or unfamiliar names can be deleteriouq to
creates a disjunction with the previous literature thaboth communication and stability. This is especially trde
leads to reduced, rather than enhanced communicatiohthese names are placed on poorly-supported nogles
about the contained taxa. For the sake of making inforwhich are later refuted by additional study. Before nal
mation about turtles readily accessible, workers shoulithg a node, we recommend that workers consider

relationships are not reasons to create new genera, posterior support derived from each data set, bef
split up or merge existing ones. naming a new species or higher taxon.

2. Higher taxonomic names should represent 5. Current taxonomy should be divorced from
monophyletic groups. We recommend that workers predictions about future changes in taxonomyThat
should only name higher level taxa that are demonstras, defining a higher taxon and creating a new genus ngme
bly monophyletic, because modern systematics relies dpased on the prediction that additional species will pe
monophyly as the primary criterion for the utility of a discovered, and a genus-level name is needed to corgain
clade name. Anagenesis may help guide one on whidhem, is ill advised.
monophyletic groups to name, but monophyly is the
primary criterion. 6. New or redefined forms should be integrated

into an existing taxonomic hierarchy unless the exist-

3. Minimize naming new monotypic highertaxa  ingtaxonomy is not adequate for the placement of the
Monotypic higher taxa tell us nothing about sharednew form. For example Meosemysleytensiswas re-
ancestry, and therefore fail to convey interesting aspectently placed into a phylogenetic analysis for the firpt
of shared biogeography, comparative biology, and evotime (Diesmos et al., 2005). It was found to be separgte
lutionary history. Obviously, many monotypic generafrom othetHeosemyand sister to the black marsh turtlg
and families are well established for turtles, and we feeBiebenrockiella crassicollisRather than create a new
that stability is more important than eliminating mono-monotypic genus, Diesmos et al. (2005) expandtd
typic groups. In some instances monotypic taxa might b&iebenrockiellgo indicate that the two species form
preferable due to uncertainty in their phylogenetic posiclade.
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is not, and should not be recognized with a name. Howeollected specimens, adequate geographic sampling, appro-
ever, other members take the view that subspecies clagriate statistical analyses of variation, and data that are
sification can be useful and informative for delineatingreported in the primary literature and can be replicated by
regional morphotypes that may fail to meet the criteria obther researchers.
full species under certain concepts.

We propose that subspecies classification, if used, should Higher Taxonomic Groups and
describe the major patterns of variation found within a How They Translate Into Taxonomies
species. A precise definition of “major” is elusive, but the
formal subspecific description of small, isolated popula-  Traditionally, species are grouped into genera, and
tions, particularly in low-vagility species, should be avoidedgenera into families; we term these collections of species
unless there istrong reason to do otherwise. This could“higher taxonomic groups”. Generally, higher taxonomic
avoid the proliferation of named forms of small, isolatedgroups are, or should be, based on phylogeny. Our under-
populations such as occurred with pocket gophers istanding of turtle phylogeny is currently incomplete and
western North America (Smith and Patton, 1988). How-changing rapidly, and future revisions of higher taxonomic
ever, the recognition of genetically divergent popula-groups are inevitable.
tions can have real value, and recognizing such popula- Virtually allworkers agree that higher taxonomic groups
tions as subspecies may be useful in some cases. Fsirould be monophyletic, and non-monophyletic groups are
example, recognition of subspecies in the western USAiewed as a problem to be fixed with taxonomic changes.
salamandeEnsatina escholtzhas been a key element of However, the way in which a large, inclusive monophyletic
its interpretation as a ring-species in the midst of th@roup (like turtles, for example) should be divided into less
speciation process (Wake, 1997, but see Highton, 1998nclusive monophyletic groups can be quite contentious.
Among chelonians, the continued subspecific classificawithin the turtle community, there are two distinct schools
tion of Galapagos tortoise§€ochelone nigrasp.) has of thought guiding the creation of higher level names (we
focused attention on this insular radiation as@agoing  focus on genera in this discussion). The first is based on the
case study in speciation and adaptive radiation (Cacconeaew that genera should convey a certain level of evolution-
al., 1999, 2002; Beheregaray et al., 2004). ary distinctiveness (Simpson, 1961). We call this view the

Genetic tools and datasets have been applied to prolanagenetic’ perspective (anagenesis being defined as the
lems at the intraspecific level, and at this point may represefvolution of a feature over an arbitrary period of time”;
the most important data for the recognition of intraspecifidcutuyma, 1998). The second emphasizes the utility of gen-
variation. For example, phylogeographic studies, employera (and all other higher taxonomic names) to show hierar-
ing mitochondrial DNA (mtDNA) and/or nuclear DNA chical relationships only; we call this the ‘phylogenetic’
(nDNA) sequences taken from geographically defined popuperspective (Hennig, 1966). The general practice in system-
lations, can identify geographically restricted lineages thaatics has clearly moved toward the phylogenetic perspective
become candidates for subspecific recognition (Lenk et al(e.g., Cracraft and Donoghue, 2004), at least to the extent
1999; Engstrom et al., 2002; Starkey et al., 2003; Fritz et althat all higher groups should be rendered monophyletic
2005; Spinks and Shaffer, 2005). Such studies can alsghenever possible, and we assume that most practicing
reveal the presence of cryptic species or intraspecific groupsrtle systematists use phylogenies as a guide in their higher-
like stocks, distinct population segments, evolutionarilylevel taxonomic decisions.
significant units, or subspecies. What to call such differen- However, even when all parties agree that monophyl-
tiated populations will be determined by a number of factorgtic groups are important, there are fundamental differences
including the level or degree of genetic differentiation (ge-between the anagenetic and purely phylogenetic viewpoints
netic distance) and the systematic philosophy of the investthat can lead to conflicting taxonomic schemes. For ex-
gator. In addition, a growing body of literature suggests thaample, under the anagenetic perspective, a well-accepted
single gene analyses can often be misleading, and particulaonophyletic genus could be split into many genera if
care should be taken when relying primarily on mtDNAsubclades within that genus were deemed to be distinct
(Funk and Omland, 2003). For this paper, suffice it to sagnough. Such genera might contain one species or multiple
that itmay be appropriate to name subspecies of turtles whespecies, but the decision on the number and content of genera
phylogeographic analyses indicate genetically differentiatedould be based on their level of differentiation (genetic,
populations that do not meet the requisites of species distinmiorphological, or some other set of features). Under the
tion, but whose recognition would aid in delineating the patterphylogenetic perspective, the only compelling reason to
of geographic variation within the species. split an existing genus is strong evidence that it is not

In summary, we recognize that both the “subspeciemonophyletic. The phylogenetic perspective claims that any
concept” and its use in systematics are controversial, and vmeeasure of evolutionary distinctiveness is subjective, as
do not seek here to resolve this controversy, even among auadicated by the varying levels of distinctiveness that exist
working group members. Rather, we emphasize that subspg@mong animal genera (including turtles).
cies, if used, should convey real evolutionary information A few turtle examples illustrate these differences. In
about lineages and geography, and must be based on fiettetermining how to reclassify the apparently non-
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monophyletic genusClemmys,” Holman and Fritz Dermatemydidae, and Platysternidae are all family-level
(2001) noted that “In all cladograms derived fromexamples, anEmydoidea, TrionyxandErymnochelysare
molecular dataClemmys marmoratas closer to the examplesatthe genus-level). Insuch cases, these highertaxa
generaEmysand Emydoidea(taxa that have a plastral are not monotypic, although their living representatives
hinge) than to the hingele€semmys guttata, C. insculpta consist of a single species.
and C. muhlenbergii.. The most parsimonious
nomenclatural way to resolve this situation is to @ut Guidelines for Taxonomic Changes
marmoratain a monotypic genus to avoid combining
hinged and nonhinged species in a single clade. For this Like it or not, taxonomic change is an inevitable part
genus the namActinemysAgassiz, 1857 is available” of phylogenetic research; thisis true for turtles as well as
(p. 323). The reasoning behind this decision reflects thany other group. Taxonomic and associated homencla-
anagenetic view that the evolution of a plastral hinge (otural changes are the logical result of advances in system-
the secondary loss of the hinge, as suggested by Holmauic biology. However, new insights into phylogenetic
and Fritz, 2001) is an important, genus-level charactergelationships can lead to a variety of taxonomic changes,
and that hinged and non-hinged species should not becluding no change at all. In this section, we provide
combined in the same genus. They used this reasoning seme guidelines on when, and how, to bring about taxo-
the primary justification for the recognition &mys, nomic changes in turtles. We break the discussion into
ActinemysandEmydoideaas genera, even though eachtwo related parts: a brief discussion of the more formal
contained only a single living specielsniys trinacris  ‘rules’ governing nomenclatural changes, and what we
was described later, in Fritz et al., 2005). However, theonsider to be ‘best scientific practices’ on how to pro-
plastral hinge varies within species of other turtlesceed when one must propose a taxonomic change, given
(Parham and Feldman, 2002; Chiari et al., 2005), leadinthe systematic conclusions (see also Dayrat, 2005). In all
other authors to conclude that the plastral hinge shouldases, we hope that all researchers proposing changes
not be viewed as a generic level character, and thatwill value the balance of communicating the newest
more informative taxonomy results if the clade containingaxonomic and/or phylogenetic results with the need to
the speciesnarmorata, orbicularis,and blandingii is  try to maintain stability of names.
recognized as the gen&snys Similar arguments hold
for genetic data. For a given gene such as the widely used The Rules of Nomenclatural Changes
mitochondrial cytochromeb (cytb), an anagenetic
perspective might argue that there is a consistent In principle, taxonomic changes are based on an objec-
percentage of sequence divergence among sister geneige review of all available evidence and a solid theoretical
within a family, and divide existing monophyletic generafoundation. In practice, however, there is no universal agree-
based on large levels of sequence divergence. The monmgent on systematic theory, and little consensus on how
purely phylogenetic view would emphasize that there iphylogenies translate into names. In general, the informal
no single “genus level” of divergence for turtles, andrule intaxonomy is that the latest published revision is
therefore levels of divergengeer seshould not guide valid until refuted. Unfortunately, this rule is not always
taxonomic decisions over the number and content ofealistic or followed—some published revisions may be
genera. For example, map turtle&réptemy$y and known to be incorrect, but rigorous refutation often
diamondback terrapindValaclemy$ are sister genera requires as much or more time and effort than the original
that are less than 2.3% divergent forlcytamb and  study did, rendering correction a slow process. An im-
Osentoski, 1997), whereas averagebcgivergence portant consideration for all taxonomists is that tax-
among sister genera of softshell turtldgpéloneand onomy has acquired importance beyond the biological
Rafetud is 13.4% (calculated from data in Engstrom etsciences; conservation actions, legislation, and public
al., 2004). awareness do not have the understanding, interest, toler-
One natural outcome of the phylogenetic view is thatince, or time required to stay updated on taxonomic
monotypic genera (and families) are largely uninformativedevelopments, but instead risk being confused or hin-
since they tell us little about phylogenetic relationships—indered by scientific name changes and unclear taxon
that sense, they are redundant with the fact that the containddfinitions. It is also important to recognize that some
single taxonis a species (Parham and Feldman, 2002; Spintksconomic revisions are published based on inadequate
et al., 2004). Alternatively, the anagenetic view claims thatlata and/or incomplete descriptions, and we tend to view
monotypic genera and families are sufficiently distinct thathem as hypotheses to be tested, rather than changes to be
they should be named, and that avoiding them obscurescepted. Itis to recognize and perhaps define such cases
important evolutionary distinctiveness of some lineagesthat we emphasize the following rules:
Extinct lineages add yet another dimension to this issue, 1. Proposed nomenclatural changes must be in accor-
because the fossil record indicates that many living monadance with the regulations set forth in the most recent edition
typic groups are the lone survivors of more-diversifiedofthe International Code of Zoological Nomenclature (ICZN)
clades from the past (Carettochelyidae, Dermochelyidadhttp://www.iczn.org/iczn/index.jsp).
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2. Taxonomic and associated nomenclatural changeake latter can lead to the squandering of conservation
should be published in widely-available, peer-reviewedesources on invalid taxa. We discuss these and other
scientific publications that are indexed in the Zoologicalissues below.

Record. Peer-reviewed publications are defined as publica- The Focus of Conservation on Speciedn-the realm
tions that regularly publish the names of their editorialof conservation, including conservation-related legislation
review board and external reviewers. A widely availablein many countries, the basic unitis usually the species. Most
publication is defined as a publication that is open taegulatory agencies focus on the species-level unit, with
public subscription and purchase of individual issuessubspecies or other less inclusive but diagnosable lineages
and which makes reprints of its contained articles avail{Evolutionarily Significant Units, Distinct Population Seg-
able in paper and/or electronic format for authors taments, etc.) considered to be of lesser or no importance. The
distribute person-to-person upon request. Obviouslylevel of concerrdirected at sub-specific taxa or lineages
“widely-available, peer-reviewed scientific publications” varies greatly across the world, with most nations and
are somewhat subjective terms, and the ICZN is not strighter-governmental organizations (e.g., CITES, IUCN,
on these issues. We strongly recommend that only peeFAO, CBD, CMS) paying little or no attention to any
reviewed scientific journals that are available at librariegaxonomic units below the level of species. In the USA
and other institutions be considered appropriate outletand some other countries, mechanisms exist to recognize
for taxonomic changes. We also recommend that thesend address conservation needs of lower taxonomic units.
journals be accessible through the major scientific onHowever, rightly or wrongly, sub-specific classification
line search engines whenever possible. units garner proportionally less emphasis than do spe-

3. The taxonomic and/or species concept and criteriaies. Similarly, supra-species classification units such as
used to identify taxa should be clearly indicated in thegenera, families, and orders, are rarely taken into ac-
publication, and the methodology used should be clearly antbunt by regulatory processes, although some conserva-
fully described. The methodology should be appropriate ttion value is placed ospecies contained in monotypic
the taxonomic group under investigation, and should ideallfiigher taxa compared to species in polytypic genera and
include a wide range of approaches (e.g., morphologicatamilies (which further emphasizes that monotypic taxa
genetic, behavioral). Methods and results should be fullghould not be created arbitrarily).
presented, and taxonomic conclusions must be solidly based Recognizing that conservation and legislative priorities
on these results. focus on the species level, it is particularly important that

Proposed taxonomic changes that meet the three critefilaorough evaluations of potentially distinctive forms below
above are more likely to be accepted into wide usagehe species level are carried out to ascertain whether they
Proposed taxonomic changes that do not fully meet all thremay warrant recognition as species. Parallel efforts should
criteria should probably not be adopted without additionahlso be made to encourage the conservation and regulatory
independent research and debate. Until such time, the pre@emmunities to encompass intra-specific units within their
ous, ‘traditional’ taxonomic arrangement should probablyscope of activities. For example, IUCN is moving towards
be retained for practical purposes. regional evaluations of taxa to facilitate regional conserva-

There are no simple formulas or rules for makingtion efforts, but remains focused on the species level.
taxonomic revisions. However, we hope that workers will ~ Taxonomy Driven by Politics and Opportunism. —
take these guidelines into consideration before proposingecognizing species diversity is a fundamental requirement
changes. Ideally, workers would explicitly address all offor conservation actions. The importance of conservation
these issues as part of their justification for proposed taxand management as a motivation for taxonomic revision at

nomic changes. the species level is often recognized in the scientific litera-
ture, and has been taken to extremes by some taxonomists.

Why it Matters: As global biodiversity loss rose to the top of the global

The Relationship Between Taxonomic Decisions environmental agenda during a period of economic con-

and Conservation Effects straints, declining scientific and conservation funding was

re-focused onto biodiversity conservation at the expense of
Taxonomy is the logical outcome of systematic re-traditional museum-based taxonomy. Predictably, taxonomy
search, and conservation must be based on and guided by thdefined itself to some extent as “biodiversity research”.
best-available taxonomy. In this sense, taxonomy (and sy®uring the same period, theoretical developments in sys-
tematic biology) assumes a critical role in guiding thetematics led many taxonomists to abandon the traditional
management of species at risk, and ‘getting the taxonomiyiological species concept, and adopt phylogenetic/evolu-
right' is essential (Lovich and Gibbons, 1997). This istionary species concepts (Frost and Hillis, 1990). An ideo-
particularly critical at the species level, since it is a majofogical dislike for the concept of subspecies developed, with
focus of conservation actions. It is just as harmful to nothe logical result that if a taxon was recognizably different
recognize distinct species that exist in nature as it is tand perceived to be on an independent evolutionary path,
incorrectly recognize taxa that do not exist in nature—some authorities ‘automatically’ regarded it as a distinct
the former can lead to extinction due to neglect, whereaspecies (Collins, 1991; Grismer, 1999).
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In cases that can be interpreted and justified either wag005).Alternatively, if genus A is listed in CITES, but genus
(lumping or splitting at the species or subspecies rankingB is not, and taxonomic research shows that genus B is a
some conservation-oriented biologists may find it temptingnember of genus A, then the species originally included in
to err on the side of splitting or elevating a taxon, presumablgenus B are not automatically included in CITES. For ex-
because a higher-ranked or more diverse taxon could garnemple, the keeled box turtle was long knownPgsidea
additional scientific and conservation attention. Finely-splitmouhotiibut recently shifted t€uora (Honda et al., 2002).
taxa also are more likely to be endemic to a single politicarhe entire genuSuorawas listed in CITES in 2000, when nine
jurisdiction, rendering them easier to protect and managespecies were recognized and befamuhotiiwas transferred

There are dangers inherent to proposing, supporting, amut of Pyxidea If Pyxideamouhotii had not been listed
retaining exaggerated taxonomy. Taxonomy is a publitndependently in 2002, th&@uora mouhotiwould not have
science, and subject to more intense peer scrutiny than mabgen included in the CITES listing.
other branches of the biological sciences. On the one hand, In most jurisdictions, a listed species is not defined,;
fellow taxonomists understand and sympathize with taxorather, the taxonomic name is a placeholder for the biologi-
nomic decisions made in good faith based on best availabéal entity that is being listed. If that listed species name is
information and a solid theoretical framework, even wherchanged by scientific revision, existing legislation may no
subsequent data and/or improved theoretical understanditmnger protect the biological entity that was originally in-
later demonstrate these decisions to have been inappropended. This is certainly a problem for nomenclatural name
ate. Recent cases include the recognition, based on subsbanges, as when a listed species changes genus (e.g., the
guent genetic data, that a number of recently-describeghift of Trionyx swinhoeito Rafetus swinhogiMeylan,
Asian geoemydid turtles were actually human-created hyt987), and this may require changes in legislation to clarify
brids rather than valid species (Parham et al., 2001; Spinkke transfer of legal protection. An even greater problem
et al., 2004; Stuart and Parham, 2007). On the other hanelists for cases where an existing species is split into two or
taxonomists who knowingly employ doubtful taxonomic more sibling species. For example, recent taxonomic analy-
practices or incomplete datasets degrade taxonomy and rais ofMalayemys subtrijugalentified two distinct taxayl.
the risk of being seen as less than objectively scientific bgubtrijugaandM. macrocephaléBrophy, 2004)Malayemys
their colleagues, the general public, and legislative andubtrijuga was already listed as protected in Thailand,
regulatory authorities. We cannot emphasize enough theoweverM. macrocephalavill not be protected there until
importance to conservation of bringing the strongest, moshe Thai Wild Animals Reservations and Protection Act is
objective science possible to the table when taxonomiamended to include that name. Other countries address
decisions are being made. In addition, it is critically impor-taxonomic/nomenclatural change by including additional
tant that when doubt exists over the validity of taxa that araew names for existing taxa, in effect making the law a list
receiving conservation attention, the best available taxmf synonyms. Indian legislation would, for example, name
nomic tools, which are likely to be genetic, should beCyclemys mouhotiPyxidea mouhotjiandCuora mouhotii
brought to bear to help resolve these issues. Examples iofits list of protected species.
such taxa might include the Plymouth red-bellied turtle  In summary, we recognize that taxonomic changes are
(Pseudemys rubriventris “bangsilverson and Graham, necessary as our understanding of the evolutionary history
1990) and the Cat Island slid@réchemys terrapen “felis ~ and diversity of turtles matures, and some changes are both
Seideland Adkins, 1987). Other entire clades that receive highecessary and desirable. However, taxonomic changes also
conservation priorities remain in need of further work onlead to confusion, a lack of ability to communicate effec-
species boundaries; the Asian box turiasqra) are acase in  tively, and unanticipated changes in conservation status and
point (Parham et al., 2001; Spinks and Shaffer, 2007). international protection. There is value to increased taxo-

Taxonomy and Legislation. -Regulatory authorities nomic understanding, and with it comes the necessity for
(and non-systematist conservationists) abhor changes to themenclatural change, and we provide some guidelines on
names of taxa. Taxa of conservation and regulatory interesthen to implement such changes. However, in today’s
are usually managed from codified lists; altering the namesorld, where a species’ name has implications far beyond
on such a list is often a slow, laborious, and convolutethe traditional biological scientific community, it is impera-
process, sometimes requiring parliamentary approval anil/e that systematists also remember the wider implications
lengthy delays. In some legislative processes, a taxonom@f their taxonomic and nomenclatural decisions.
definition is given when including a taxon in a list. When

systematic progress changes the taxon name or scope, the The Future of Taxonomy?
original intent and definition of the taxon remain subject to Rank-Free Classification, the Phylocode,
the regulation. For example, the gerR@docnemisvas and DNA Barcoding

listed under CITES Appendix Il in 1975 (http://

www.cites.org/eng/app/appendices.shtml). When subse- We end our discussion with a description of two new
guenttaxonomic revision spibdocnemigtoPodocnemis  directions in taxonomy that purport to solve many of the
plus Peltocephaluplus Erymnochelysthese names were problems inherent with our current way of conducting taxo-
‘automatically’ included inthe same list (Inskipp and Gillett, nomic research. Each has strong advocates and equally
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strong detractors. In presenting them, the TTWG takes nchange is required. One suggested solution (Fig. 1B) has
position on them, since we have members who span th®en to resurrect two old genefz{inemyandGlyptemy}
range of opinions on these topics. However, in the spirit ofo accommodate three specigsctinemys marmorata,
keeping abreast of new developments in the field, we prese@lyptemys insculpta, G. muhlenbe)gind leavguttatain
them as important future directions in taxonomy. the now-monotypic genu€lemmys(Holman and Fritz,
Rank-Free Classification and Phylocode Withinthe ~ 2001). Although all genera under this solution are mono-
general systematics community, there is now broad consephyletic, it results in five genera to contain a total of seven
sus that classifications above the species level should tiging (and two fossil) species. If one of the goals of higher-
based on monophyletic groups (defined as an ancestor aleel taxonomy is to convey phylogenetic information about
all of its descendant taxa). In this sense, the majority diow species are related (the phylogenetic view of taxonomy
current systematists, including most turtle systematistsjiscussed abovehis solution is at odds with that stated
embrace the ideathat classifications should be phylogenetigoal. Interestingly, it appears to also be at odds with the
Although the monophyly criterion represents one of theanagenetic goal; imarmorataand guttata are suffi-
most broadly agreed-upon concepts in current systematicsiently distinct to be placed in different genera, why were
the concept of a stable, monophyly-based classification ihey originally placed in the same genus? Another, re-
often at odds with Linnaean, or rank-based classificatioeently proposed alternative by Feldman and Parham
methods. As pointed out by de Queiroz and Gauthier (199¢2002), would recognize the monophyly lwandingii,
1992, 1994), rank-based methods of classification are typanarmorata,andorbicularisin the more inclusive genus
logical—atype specimen is assigned to define a species, akanys by relegating the old genusmydoideato the
a higher taxon is defined with reference to a type speciesynonymy oEmysand shiftingnarmoratafromClemmys
Although this approach to naming genera, families, ando Emys(Fig. 1C, Fig. 2). The final alternative, toinclude
other rank-based higher taxa has been in effect for over 2@0I species previously assigned Emmys, Emydoidea,
years, it leads to a number of undesirable features as syste@lemmysandTerrapeneto a single genus has not been
atists attempt to create phylogenetic classifications (deeriously proposed because of the number of name
Queiroz and Gauthier, 1990, 1992, 1994). Primary amonghanges it would entail. While each of the first two
these features are: 1) instability of names, 2) either poorlgolutions is justifiable and has its proponents (e.g.,
defined higher taxa or changes in the definition of a name8tephens and Wiens, 2003; Spinks and Shaffer, 2005),
taxon over time, and 3) a tendency for taxa to becomthe primary point is that both require a substantial set of
monotypic with revision. Several of these problems havemomenclatural changes purely as a consequence of Lin-
become quite severe in turtle classification. For examplajaean ranks. If the namémys, EmydoideandClemmys
using the checklist compiled for this volume of the world’swere not of equal rank, then no name changes would neces-
turtles (Turtle Taxonomy Working Group, this volume), thesarily be required as phylogenetic resolution continues to
number of species per genus overall now stands at betwegnprove.
3.05 and 3.48 (depending on how certain contentious genera As a radical solution to this and other problems stem-
are resolved); within the Pleurodira, that number is 3.74-5.0ning from the Linnaean rank-based system, an alternative
while the Cryptodira have 2.86—3.16 species per genus atheme has evolved over the last 10 years known as the
average. Perhaps more telling, the number of monotypiEhylocode (http://www.ohiou.edu/phylocode/). Although
genera (thatis, generathat contain only a single species) nalae details of Phylocode are still being worked out, the
stands at about 45% (range is 40-46% depending on tagystem has reached a relatively mature state, with a codified
onomy), or nearly half of the ca. 100 recognized turtleset of standards for naming taxa at all levels in the hierarchy
genera. of life. Essentially, Phylocode proposes that taxa be defined
The reason for this largely stems from the consequencetgith reference to @hylogenetic tree, rather than with
of applying the Linnaean rank-based system to phylogeneti@spect to type specimens. It also proposes that ranks (but
classifications. For example, when a genus is found to haveot named groups) be abandoned, since they are a pri-
another genus nested within it, then either the nested genosary source of instability in the Linnaean system. Thus,
must be synonymized into the more inclusive one, or tha named taxon might be defined as “the monophyletic
more inclusive genus must be split into several smallegroup defined by the most recent common ancestor of an
genera. eastern box turtleTerrapene carolinpand a painted
Recentwork on the old genuslemmysdemonstrates turtle (Chrysemys picta and all species derived from
this point. Phylogenetic analyses (Bickham et al., 1996that ancestor”, and it might be called Emydidae. Using
Lenk etal., 1999; Feldman and Parham, 2002) have demostch a definition, Emydidae will always be monophyl-
strated that the four species that previously comprised thetic—it has to be, since its very definition is based on
genus Clemmys (guttata, muhlenbergii, insculptand  monophyly. As a consequence, two important aspects of
marmoratg are paraphyletic with respect Emydoidea a named taxon—definition and monophyly—remain
Emys andTerrapendgFig. 1A). Given that these latter three stable under Phylocode. However, the content of a group
genera cannot be contained within the gerierhmys  may change as phylogenetic hypotheses change. In the
under the Linnaean rank-based system, some taxonomabove example, based on the current state of knowledge,
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Emydidae would contain 48 species (as noted in ouchanges and taxonomic destabilization;gbke reason for
other chapter in this volume, Turtle Taxonomy Workingthose changes is the identical rank Evhydoideaand
Group, 2007). If subsequent research demonstrated u@iemmys
equivocally that the eastern box turtle and the painted Under arank-free system, different nodes can be named
turtle were sister species (an unlikely result, obviously)(or not), and authors can use the full list of names associated
then Emydidae as defined would consist solely of thoswith a terminal species (or not). Thus,dfemmyswere
two species. The definition would remain unchangeddefined as “the group containing the most recent common
and Emydidae would still be monophyletic, but its con-ancestor of the terminaisittataandorbicularisand all of its
tent would be quite different. descendants”, ariemyswere defined as “the group contain-
One of the natural (but not absolutely essential) conséng the most recent common ancestor of the termanblsu-
guences of the phylogenetic method of naming taxa embodtiris andmarmorataand all of its descendants”, this would
ied in the Phylocode is to abandon ranks. Itis important to bienply (given our current phylogenetic understanding) that
clear on exactly what this means, and the costs and benefitarmoratas a member of botamysandClemmyst different
of Linnaean ranks in a phylogenetic context. The greategthylogenetic levels. Because these are rank-free names, there
downfall of ranks is clearly demonstrated in tlde¢mmy%  is no conflictin one being nested within the other, and there are
example (Fig. 1). BecauEenydoideandClemmysre both  no necessary hame changes if future phylogenetic research
genera, the discovery that the former is nested within thienplies a different set of relationships. The same principle
latter (Fig. 1A) means that a nomenclatural change mustolds for all taxonomic levels.
follow—eitherEmydoideanust be synonymized (Fig. 1C), Rank free classifications following the Phylocode have
orClemmysnust be divided into additional genera (Fig. 1B).been proposed several times for turtles in the literature to
Whatever solution one chooses demands multiple nandate. The first was by Joyce et al. (2004) who used 25

A _[: Clemamys marmorata
Emypdoiden Blanding

Erys orbiculans

Termapene coroling
AE Terrapene coahuila
Brrapene omala

- E Clemmeys muhlenbergii
Clemunys inscrelpta

Clemeys guitata
B c
Actinerys manmorala —— Emys marmorala
_|: Emydoiden blandingi [ l— Emys blandingit

Emys orbicularis Y— Ewyr orbiculans
Terrapene caroling — [errapens carolinag

{ Terrapene coahuila Terrapene coahuila
Brrapene omaka — RBrrapens omala

. |: Glypplerys muhlonbergit . E Clyptemys muhlenbergii

Clyplerys insewlpta Clpptemys insculpla
Clemmys guiala Clemunmys gutiata

Figure 1. A current phylogeny of ten species of emydine turtles, and three alternative taxonomic schemes (after Feldman and Parham,

2002). The recently-naméanys trinacrigFritz et al., 2005) is not shown, since it was not described at the time that this tree was developed;
it would presumably be the sister speciesrucularis. Panel A shows the previously-used names, and the paraphyly of the old name
“Clemmy$as applied to the four specigsttata,insculpta, marmorataandmuhlenbergiivirtually all systematists recognize that this

non-monophyly requires taxonomic changes. Panel B solves this problem by proposing two new generic names, leadinghoeetotal of

name changes and three monotypic genera, whereas Panel C solves the same problem by proposing a total of four nameméanges and

monotypic genus. See text for details.
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relatively inclusive clades (down to the Linnaean rank level  Like most of the systematics community, our Turtle
of family) of turtles as a test case to explore the challengeBaxonomy Working Group includes a range of opinions on

of converting well-established rank-based names into

the costs and benefits of ranked vs. rank-friessifica-

rank-free taxonomic system. As an example from the othdrons, and whether or not the principles embodied in the
end of the phylogenetic spectrum, Engstrom et al. (20047hylocode represent a net benefit or not to solving
proposed a rank-free classification for the 26 species dhxonomic issues with turtles. The literature similarly

softshell turtles (the traditional family Trionychidae) basedincludes a full range of opinions from well respected

on their molecular and morphological phylogenetic analytaxonomists working across the tree of life. We make no
sis. These two examples span a broad range of taxononegplicit recommendations, other than the obvious one—
levels, and deal with the challenges inherent in switching tthat the community of turtle systematists should make

a rank-free classification.

Figure 2. The three species that comprise tEetyscomplex”.
Top: Emys orbicularisfrom Iran (photo by James Parham).
Middle: Emysor Actinemys marmoraticom California (photo
by Jerome MaranBottom: Emysor Emydoidea blandingfrom
Michigan (photo by Michael Benard).

every effort to track the new advances that are taking
place in the larger systematics community and be open to
meeting the challenges of refining and stabilizing the
taxonomy of turtles.

DNA Barcoding— DNA barcoding refers to the idea
that species identification for an individual can potentially
be determined by a small fragment of DNA sequence from
thatindividual. The Consortium for the Barcode of Life (http:/
/barcoding.si.edu/DNABarCoding.htm) has recommended that
the cytochrome c oxidase subunit 1 mitochondrial region
(COl) be used as the standard barcode region for all “higher”
animals. This recommended region is short (about 650 base
pairs in length), well characterized, and easy to use.

DNA barcoding can potentially contribute to two im-
portant empirical problems in taxonomic research and its
applications. The less controversial is the rapid, inexpensive
identification of organisms and their products when more
traditional characters are either unreliable or inapplicable.
For turtles, this might include pieces of meat, shell, or
medicinal powders, hatchlings or eggs, and melanistic or
otherwise unrecognizable specimens, to name a few ex-
amples (e.g., Roman and Bowen, 2000). Situations ranging
from forensic analysis in criminal cases such as illegal trade,
to the repatriation of captive specimens to the wild, all
require rapid, accurate identification, and DNA barcoding
could provide critical identifications for these and other
important activities. Much more controversial is the idea
that new, cryptic species might also be identified from DNA
barcode data. This application is closely linked to the idea
that species differ by a constant, minimal threshold level of
COlI sequence divergence. If, for example, species were
generally 2% sequence divergent for COIl, and a genetic
surveyfrom across a species range found populations that
were more than 2% divergent from the rest of the species, those
populations would be targeted as possibly new, cryptic species.
This strategy has been explicitly advocated for poorly-known,
hyperdiverse taxa like insects (Smith et al., 2006) and crusta-
ceans (Lefebure etal., 2006), although serious issues have also
been raised with the strategy (Rubinoff, 2006).

The Turtle Taxonomy Working Group recognizes
that the application of DNA barcoding is a potentially
useful management and forensics tool for many species.
However, we also recognize that relying on a single
mitochondrial gene is fraught with problems (Funk and
Omland, 2003; Rubinoff, 2006), and that progress will
rely on adequate characterization of known-locality speci-
mens from across the range of each species as a precursor
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to reliable DNA barcoding efforts. We do not recom- ships of emydid turtles. Herpetologica 52:89-97.
mend DNA barcoding as a mechanism for discoverin@RopHY, T.R. 2004. Geographic variation and systematics in the
new species, given the range of sequence divergencesouth-east Asian turtles of the gerMalayemys(Testudines:

; Bataguridae). Hamadryad 29:63-79.
currently known for turtle species (compare Lamb and
y P ( P ACCONE, A., GenTILE, G., GBBS, J.P., RiTTS, T.H., S\ELL, H.L.,AND

. C
Osemo.Skl’ 1997, and Engstrom etal., 200.4)' We further PoweLL, J.R.2002. Phylogeography and history of giant Galapagos
recognize that some.clo.sely—r_e_late_d species may not be 1iises Evolution 56:2052—2066.
amenable to barcoding identification, and that the Unguccong A, Gess, J.P., Ktmaier, V., Suatonl, E., AND POWELL,
usual situation imposed by hybridization in turtles jR. 1999.Originand evolutionary relationships of giant Galapagos
(Parham et al., 2001; Spinks et al.,, 2004; Stuart and tortoises. Proc. Natl. Acad. Sci. USA 96:13223-13228.
Parham, 2007) will further challenge the utility of the Criari, Y., THomas, M., Reorong M., anp Vieres, D.R. 2005. First data
approach. on the genetic differentiation within the Madagascar spider tortoise,
Pyxis arachnoidegBell, 1827). Salamandra 41(1/2):35-43.
CoLLins, J.T. 1991. Viewpoint : a new taxonomic arrangement for
some North American Amphibians and Reptiles. Herpetological
. . . . . Review 22:42-43.
. Taxonomy 'S_Cle‘.”lrly an aCtl\_/e field with a \_/a”ety of CRACRAFT, J. AND DonoGHUE, M.J. (Eds.). 2004. Assembling the Tree
opinions and scientific strategies. Our WOI‘kIng group  of Life. Oxford University Press, New York.
includes many diverse opinions that cover this broagayrar, B. 2005. Towards integrative taxonomy. Biol. J. Linn. Soc.
spectrum of science. However, we are absolutely united 85:407-415.
in our view that taxonomy and nomenclature are criticabe Queiroz, K. 2005. Ernst Mayr and the modern concept of species.
to the future of both science and conservation involving Proc. Natl. Acad. Sci. USA 102:6600-6607.
turtles. This leads us to the unified position that taxoPE QUER0Z K., aN> GauTHer, J. 1990. Phylogeny as a central
nomic revisions and usage must reflect the strongest principle in taxonomy: phylogenetic definitions of taxon hames.

available science, based on clear and unambiguous inter—SyStematic Zoology 39(4):307-322.
! 9 DE QUEIROZ K., AND GAUTHEER, J. 1992. Phylogenetic taxonomy. Annual

pretatlpns of th"’_‘t science, and pUbI'_Shed in the aPPrOP”‘ Reviews of Evolution and Ecology Systematics 23:449-480.
ate, widely-available, and peer-reviewed scientific lit-5c Queiroz, K., anp GauThiEr, J. 1994. Toward a phylogenetic
erature. We feel that when the guidelines of our “Best system of biological nomenclature. Trends Ecol. Evol. 9:27-31.
Scientific Practices” are followed, and when reasonabl®esmos A.C., RrHam, J.F., SuarT, B.L.,AND Brown, R. 2005. The
consensus of the turtle community is sought, that the phylogenetic position of the recently rediscovered Philippine
taxonomy of turtles will become the essential tool for forestturtle (Bataguridabteosemyeytensi. Proceedings of the
communication and conservation action that it should be, California Academy of Sciences 56(3):31-41. _
We hope that all practitioners of turtle taxonomy, whetheFV6STROM T.N., Siarrer, H.B.,ano McCoro, W.P. 2004. Multiple
. . . data sets, high homoplasy, and the phylogeny of softshell turtles

working atthe intraspecific level or the deepest phylogeny e . e :

. - .- (Testudines: Trionychidae). Systematic Biology 53:693-710.
of the group, will Wo':k ter_ther to, achlevg astable ClaSSIfIFELDMAN, C.R.,anD ParHAM, J.F. 2002. A molecular phylogeny for
cation of turtles that is maximally informative, based on the  emydine turtles: taxonomic revision and the evolution of shell

bestavailable science, and reflective of the broadest possiblexinesis. Molecular Phylogenetics and Evolution 22:388-398.

Concluding Thoughts

consensus within the turtle community. Fritz, U., FaTTiZZO, T., QUIcKING, D., TRIPEPL S., RNNisI, M.G., LENK,
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ABssTRACT. — Based on a thorough review of the literature, we provide a bibliography of papers
featuring phylogenetic hypotheses for living turtles, a composite tree of all turtle species based on
those hypotheses, a compilation of the most rigorously derived trees from those papers (i.e., using
contemporary methods with bootstrapping), and supertrees for selected families of turtles using
input trees from those most rigorous trees. These outputs allow us to identify the branches of the tree
of life for turtles that are best supported as well as those most in need of study. With the exception
of the Platysternidae and Chelydridae, the phylogenetic relationships among turtle families seem to
be well-resolved and well-supported. Within families, the relationships among most genera are also
well-resolved; however, the reciprocal monophyly of the South American and Australian chelids, the
relationships among the genera allied to the chelid geneBatrachemysand Mesoclemmysand the
monophyly of the emydid genu§rachemysemain problematic. The relationships among species of
trionychids, geoemydids, and testudinids are best resolved (since they are based on morphology,
multiple mitochondrial genes, and at least one nuclear gene), and those for the podocnemids and
pelomedusids are the least understood (with no complete published tree for either). The relationships
among species in the following genera are most in need of additional phylogenetic study (highest need
first): PelusiosPodocnemisTestudo, KinosternoyBatrachemygand close relatives¥:lseya Trachemys
Graptemys and PseudemysFuture work should endeavor to include the broadest taxonomic and
geographic sampling possible (including type specimens) in order to maximize our understanding of
the evolution of modern turtle diversity. A comprehensive multilocus approach (with humerous
mtDNA and nDNA genes) will clearly be the best strategy for fully resolving the tree of life for turtles.

Key Worbps. — Reptilia; Testudines; phylogenetics; supertree; mitochondrial DNA; nuclear DNA;
morphology

Although turtles have been evolving for over 200 millionform of branching diagrams (or phylogenetic trees) were
years, the phylogenetic relationships among them have beaerarly absent before the 1970s (for early exceptions see Zug,
discussed for less than 200 years, and most of the resoluti@866; Pritchard, 1967).
of relationships has been provided in the last 20 years. The Fueled by the insights on phylogenetic systematics
oldest hierarchical classification of turtles appears to be thatrovided by Hennig (1966), and the associated emergence of
of Dumeril (1806: Fig. 1), although it enumerated only fourcladistic methodology (reviewed by Nelson and Platnick,
genera and was not intended to represent an explicitl¥981), Gaffney (1972, 1975a,b, 1976, 1977, 1979a,b) pio-
historical perspective. Many other hierarchical classificationseered the application of those techniques to the phylogenetics
of turtles appeared in the 1800s (reviewed by Gaffneypf both extant and fossil turtles. The emergence and devel-
1984), but the first explicit phylogenetic tree for the majoropment of DNA sequencing techniques and methods for the
groups of fossil and living turtles was published by Hayanalysis of molecular and morphometric data (Felsenstein,
(1908; Fig. 2). However, despite the increasing acceptan@03) has led to an exponential increase in the number of
of Darwin’s theory of evolution by natural selection, andpapers that have included phylogenetic trees for various
even the rise of the “modern synthesis” in the 1930s antlirtle groups (Fig. 3; see also Fig. 2 in FitzSimmons and
1940s, explicit phylogenetic hypotheses for turtles in thédart, 2007). As a result of this activity, the phylogenetic
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the increase due primarily to taxonomic splitting (only two

Chelus previously unknown gener&lusor and Leucocephalon
Emys have been described since 1992; see TTWG, 2007b). Of
those, 35 (34%) included more than two species, and at least
Testudo one published phylogenetic hypothesis is available for all
but 4 of those 35 (89%; ndPelochelys[3 species],
Chelonia Batrachemg [6 species],Pelusios[18 species], or

Podocnemig6 species]).

Despite this demonstrated proliferation in phylogenetic
hypotheses for most clades of turtles, an attempt to produce
relationships among the families of living turtles have beerman all-inclusive tree of all recognized living chelonian taxa
fairly well resolved (Fig. 4), although some controversyhas not been forthcoming (but see Gaffney and Meylan,
remains (Krenz et al., 2005; Parham et al., 2006a; se¥988; Cracaft and Donoghue, 2004; Moen, 2006). Such a
below). Progress at lower taxonomic levels has been sulree for turtles is desperately needed in order to 1) provide a
stantial, though significant gaps still exist in coverage. Foworking hypothesis of higher and lower level relationships
example, in Iverson’s (1992) checklist of turtles, of 87among turtles; 2) identify the turtle taxa most in need of
recognized genera, 26 (30%) contained more than twadditional phylogenetic attention; 3) facilitate the
species, but only 18 of those (69%) had a published phyladentification of appropriate outgroups for future phylogenetic
genetic hypothesis for most of the included species. Howstudies of turtles (e.g., compare Honda et al., 2002a, with
ever, at the end of 2005, about 104 genera were recognizespinks etal., 2004); 4) facilitate studies of character evolution

Figure 1. Phylogenetic “hypothesis” derived from Dumeril’s (1806)
hierarchical classification of turtles.
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Figure 2. Earliest explicit phylogeny of higher taxa of living and

extinct turtles, published by Hay (1908).

early 1980s (perhaps the biggest stimulus; reviewed by Swofford and
Olsen, 1990); the development of Polymerase Chain Reaction meth-
ods (Mullis and Faloona, 1987; Saiko et al., 1988); and the develop-
ment of Bayesian algorithms for phylogenetic reconstruction (Li,

1996; Mau, 1996). Only papers published through 2005 are plotted.
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For comparison with the compiled tree, we undertook a
supertree analysis (Bininda-Emonds, 2004b) based on the
“best” (see below) available trees. First, we compiled a list
of candidate trees by higher taxon and tallied the character
of the input data set and the methods of analysis (Appendix
C). From that subset of potential input trees, in an attempt to
maximize independence of our selected trees (Bininda-
Emonds, 2004b:363), we first discarded redundant trees
(e.g., trees in the same or different papers based on data
partitions when a combined analysis was also available), as
well as those based strictly on morphological characters. We
next gave preference to trees with extensive character and
taxon sampling and that used maximum parsimony analysis
that included bootstrap values for nodes (or where those
values could be calculated by our reanalysis of the reported
data). We also discarded as redundant trees from separate
papers that exhibited extensive overlap in genetic markers.
Our purpose in doing so was to prevent disproportionate
representation of any one kind of genetic data that might bias
a supertree analysis if the majority of input trees were
derived from the same class of DNA sequence data (see
Bininda-Emonds, 2004c, for a discussion of issues relevant
Yo data quality in supertree construction). An unfortunate

Chelidan
Podocnemididas
Pelomedusidas
Carettochelyidae
Trionychidas
Cheloniidae
Demmochelyidas
Chelydridae {C)
Chelydridae (&)
Dermaternydidae
Kinostemidas
Chehpdridae (B}
Platystemidae (&)
Flatysternidse (B)
Ernydidas
Testudinidae

Geoemydidae

Ermosternidae

Chwehychriclse

Cheloniidae

2 mﬁm

Testudinaidea

Figure 4. Current phylogenetic hypotheses of the relationship
among the families of turtles. Ambiguity is illustrated by multiple
placements of the families (1) Chelydridae: in Fig., A after

Cervelli et al., 2003 [ML], Near et al., 2005; B after Cervelli et al.,

2003 [MP], Shaffer et al., 1997; C after Krenz et al., 2005; and in J—mm}:g iorh

Fig. 4B, after Parham et al., 2006a; and (2) Platysternidae: in Fig. Cheloding burungandi

4A, A after Krenz et al., 2005, Near et al., 2005; aaft®& Parham Cheloding ugosa

et al., 2006a. Lheloding obionga

! Cheloding longicolis

Cheloding steindachnen
Cheloding priichardi

in turtles (e.g., Stephens and Wiens, 2003b); 5) facilitate bt ik

phylogenetic approaches to the study of zoogeography in S0 noecun

turtles (e.g., Ronquist, 1998; Ree et al., 2005; Stephens and :Hvﬂgm@wgg [_:E';fggﬂﬂi

Wiens, 2003a); and 6) direct the appropriate setting of Chelus fmbnaius
. . Lo . — ryraps hilari
priorities for conservation initiatives (i.e., to conserve Fhﬂ;mm?ﬂrmnm
maximum genetic diversity of turtles; e.g., Krajewski, 1994; '—Epwﬁﬁému;’ﬁ

Engstrom et al., 2002; Fritz et al., 2005, Georges and—|

I—FI | |
A:aﬁnmrﬂemﬁeag;;;a

Thomson, 2006).
With the intent of addressing the first two of these

Acanthochelys macrocephaia
Acenthochelys spixi
Acanthachelys palidipecions

L. . . . . . . Rhinemys rl.'ﬂes
deficiencies, and further stimulating the investigation of the ﬂi@gﬁs&:ﬁsg. o
others, we provide herein our current best synthesis of the Mesaclemmys pemlana

relationships among all recognized turtle species, and iden-
tify the clades with the weakest support (and hence most in
need of further study).

Bufocephala vanderaagei
Batrachemys heliostamma
Batrachemys renicaps
Batrachemys nasuia
Batrachemys dahi
Batrachemys fubarculata
Batrachemys zulias

METHODS

Pseudemydura uminng
‘Elsaya” purvsi

| ‘Elsaya” paorpasi
H_[::Elseya’ li
‘Elzaya” latisbamum

Elusor macruns

We reviewed the literature and compiled a bibliography

.. . Rheodytas lsukaps
of all locatable papers containing phylogenetic trees (or Emygirs maoquarni
networks) that included turtles as terminal taxa (Appendix Epr;gll:l'::uumb;:usa
A). Based on the phylogenetic hypotheses generated in those E;ﬁ,ﬂg:{ﬁgz,aﬁ‘ﬂa
papers, we identified the most recent and strongly supported oot Gantas
trees for each fgmily clade, giving preference to those With EI:E :;E-:%iimaa
the most extensive character and taxon sampling (Appendix E}:;g fm';m]
B). We then generated a compiled tree for all extant turtle Elseya mwini

Elseya lavarackanm

species by concatenating this phylogenetic information (e.g.,

see Beck and Beck, 2005, and Jonsson and Fjeldsa, 2006, Ifi%ure 5.Current phylogenetic hypothesis of the relationships within

justifications of this method). the turtle family Chelidae.

Elseya branderharsti
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Pelomedusa subrufa

. . Peltocaphalus dumerilianus
Pelusios gabonansis

Pelusios nanus Erymnochelys madagascaniensis (A)
—I Pelusios marani

Palusios adansonil Erymnochalys madagascanensis (B)

g

Pelusios broadleyi
Podocnermis ernyihrocephaka

Pelusios sinualus

—E Pelusios cupulatta Podocnemis sextuberculsta
Pelusios nigear
Peiusios subniger Podocrmis lewyana
Pelusios upembas

Podocnemis unifilis
Pelusios bechuanicus

Pelusios rhodesianus Podocnamis axpansa
Pelusios carinatus
Pelusios chapini Podocnemis vogli

Pelusios castanaus

Figure 7. Current phylogenetic hypotheses of the relationships

A

Pelusios seychellensis within the turtle family Podocnemididae. Ambiguity is illustrated by
Pelusios castanoides the double placement &rymnochelys madagascariengfs after
Palusios williamst Meylan, 1996, and Starkey et al., unpublished; and B after Georges
et al.. 1998, Noonan, 2000, and Noonan and Chippindale, 2006).
Figure 6.Current phylogenetic hypothesis of the relationships within
the turtle family Pelomedusidae. Although there is considerable discussion about the

most robust method for supertree construction (Wilkinson et
consequence of this necessary approach was that an adequte2005), we used matrix representation with parsimony
sample of input trees (only 22 total) was available for only(MRP), because it is generally accepted as one of the best
five families (Cheloniidae, Kinosternidae, Geoemydidae current methods (Sanderson et al., 1998; Bininda-Emonds,
Emydidae, and Testudinidae). For simplicity, we have2004a,b; Burleigh et al., 2004), and because it has been
included only extant taxa in this first supertree analysis foapplied productively in a number of recent studies (Salamin
turtles. et al., 2002; Ruta et al., 2003; Davies et al., 2004; Kerr,

2005).

il IR Exploratory MRP matrices for this study were initially

Lissernys scutsta constructed using SuperTree 0.85b (Salamin et al., 2002;
—E Lissemys punciata http://www.tcd.ie/Botany/NS/SuperTree.html), and the
Cycloderma frenatum Baum/Ragan coding scheme was used with nodes weighted
st Cycloderma aubryi by bootstrap support values (Davies et al., 2004). Final MRP
Cyclanarbis sanagalansis matrices were constructed using r8s (Sanderson, 2004). For
Cyclanarbis sisgans trees published without bootstrap support, we reanalyzed the
Trionyx tiunguis
Pelochalys cantori
T Pelochelys signifera Dermochelys coriacea
Pelochelys bibroni
Chitra indica
Chitra chitra Chelonia rl'ry'das
Chitra vandijki
L T Pelodiscus sinensis

Palea steindachneri Natator daprocaus
Dogania subplana
Amyda cartilaginea Eretmochelys imbricata
Aspideretes gangeticus

e Aspideretes hurum

— Aspiderates leithi Caretta caretta
—ENilaaun'ra formosa
ideretes nigricans
mua auwm Lepidochelys kempii
Eﬁaialus swinhoe

Apalone mutica ! .
Apalone spinifera itiniititaits ittt
Apalone ferox Figure 9.Current phylogenetic hypothesis of the relationships within

the turtle family Cheloniidae. The monotypic geBesmochelyss
Figure 8.Current phylogenetic hypothesis of the relationships withinincluded as the only representative of the family Dermochelyidae.
the turtle family Trionychidae. The monotypic ge@ssettochelys  The topology of the single perfect supertree was identical to that
is included as the only representative of the family Carettochelyidadlustrated here.
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original datasetto obtain those values with 1000 MP replicates
using PAUP 4.0B (Swofford, 2001). Weights were calculated
following Farris (in Salamin et al., 2002) and manually input

into PAUP files using TreeEdit (evolve.zoo.ox.ac.uk/ —
software/TreeEdit/main.html).

The binary matrices were analyzed with PAUP 4.0B
using weighted parsimony. We performed heuristic searches
with 250 replicates of random taxon addition, subtree prun-
ing-regrafting and branch swapping, holding 10 trees at eact
replicate. These saved trees served as starting trees in
second search using tree bisection-reconnection with a tre:
limit of 10,000 equally most parsimonious trees (Davies et ) ) ] ]
al., 2004). Majority rule (50%) and strict consensuses (botﬁ,'i%#i;ethlg'tﬁt‘fg?:%i@hgﬁgmﬁt{'jzgypomes's of the relationships
constrained so that previously recognized families were
monophyletic) were used to explore agreement between
saved tree populations. applied rigorous methods of phylogenetic reconstruction,

Finally, we have attempted to match names at the tips gfrovided support values for nodes using multiple recon-
our trees to those recognized through late 2006 by the Turtitruction algorithms, and made objective comparisons of
Taxonomy Working Group (TTWG, 2007b). However, trees based on individual data partitions (e.g., cytb vs. ND4
undescribed taxa are included in some trees (e.g., Chelidaes. 12S/16S rRNA vs. Ragl vs. morphology; see Table 1).
Testudinidae), because the additional forms have been ideim-addition, there has been an obvious increase in the number
tified in the literature, and more recent 2007 taxonomiof studies based primarily on molecular work, whereas the
changes have been included in the published list by theumbers of primarily morphology-based papers has re-
TTWG (2007b) since we generated our trees. mained fairly constant (Fig. 3). Nevertheless, we were able
to compile at least preliminary trees for all living turtle
families and species (Figs. 4-14) However, because of
incomplete taxon sampling, the paucity of trees for several

Although phylogenetic trees including living turtle taxa families, and discordance among trees within several fami-
have appeared in at least 142 publications (Appendix AJjes, our attempt to generate a single supertree for all turtle
relatively few have included more than a few speciestaxa was not successful (in that most families were not

Macrochelys temminckii

Chelydra serpantina

Chelydra rossignoni

Chelydra acutirostris

RESULTS AND DISCUSSION

Dermaberiys mawii [ Stauratypus triporcatus

A — Claudius angustatus B L Claudius angustatus
|_[: Staurotypus Wporcaius Kinostemon leucostomum
Stau
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St SRREsEecRTs Kinosternon hermerai
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=

Kinostemon laucoshomum
Kinogtemon dunni
Kincatemon angustipons
Kinosternon alamosee
Kinostermon sconpicides
Kmostermon oaxacas
Kinasternan chimalhuaca
Kinagternon integrum
Kinosternan hirlipes
Kinoslamaon sonorianss
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Kinosternon integrum
Kinosternon sonoriense
Kinosternon chimalhuaca
Kinosternon hirtipes:
Kinosternon scorpioides

Figure 11. Current phylogenetic hypotheses (A = compiled tree; B = single perfect supertree) of the relationships within the turtle famil
Kinosternidae. The monotypic geridermatemyss included as the only representative of the family Dermatemydidae.
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Figure 12.Current phylogenetic hypothesis of the relationships within the turtle family Emydidae.

resolved as monophyletic). Appropriate input trees (in num1999; and Krenz et al. 2005:Fig. 5A). Furthermore, with the

ber and taxonomic diversity) were available for supertre@xception of the placement of the Chelydridae and the
analysis within only five families: the Cheloniidae (Fig. 9), Platysternidae, the phylogenetic relationships among most
Kinosternidae (Fig. 11B), Geoemydidae (Fig. 13B),of the rest of the families is also well-resolved (Fig. 4).

Emydidae, and Testudinidae (Fig. 14B). Once consideredto be closely related to the Chelydridae
(e.g., Gaffney and Meylan, 1988; Shaffer et al., 1997), the
Compiled Trees monotypic family Platysternidae has recently (Krenz et al.,

2005; Near et al., 2005) been considered to be sister to the

Inter-Familial Relationships— The monophyly of Testudinoidea (= Emydidae + Geoemydidae + Testudinidae)
each of the two living subclasses of turtles (Cryptodira anttased on combined nuclear (RAG-2) and mitochondrial
Pleurodira) is well-supported in nearly all recent phylogeneti¢cytochromeb and 12S) DNA sequence data. However,

reconstructions, whether based on morphologic or moleculdrased on the entire mitochondrial genome, Parham et al.

data (Gaffney and Meylan, 1988; Shaffer et al., 1997(2006a) found support for the Platysternidae as sister to the
Cervellietal., 2003; Fujitaetal., 2004; Krenz et al., 2005:Figemydidae (Fig. 4A). In addition, that study also revealed a
5B; Near et al., 2005; Parham et al., 2006a; but see Wu et aigvel placement for the sea turtles (Cheloniidae) and the



IVERSONET AL. — Supertrees 91

Frinedan sty
p—Fhircdurys pichering
I—’h‘(\ﬂg‘rrg;mﬂa
Fincdan s ik
Rhinodernmis ik
Fhinpdammys dademata
Ainedenngs anculere
Rhinodéns s meaiiama
s Rhinoclemmys melanostema
oo e ki
R in
T Rhinmm diademata
S . Rhinoclemmys areolala
_— |—'i|“"’°"°“‘ Emmdunmrs ruhi:hh; .
TR MG nm mma
T nssn T Rhiosemms ol
Geocienys hunied Si iglla crassicollis
Mo pams —'—"""-—'——-"{ Eﬁmyﬂa]gma_
——, (et S
o - gﬂﬁamwﬁaﬁ?m
Fangshara s |
g mi%um
Faagsheta By ur
:E.a:m“m Kachuga dhongoka
[ —— %"dalljrlmh We0ENSES
— rdella thurjii
romion - Pangshura eca
Sesge b Pangshura ﬁlr
L FHJ@I Ura 1entona
ol Melanocelys
f_:wummmm _ESH.CHNE ,
R f;.cl:aha quadriocellata
Zamla quadrioelats f
o Heasemys spindss
Lenstiaiephaion pwons - I.mm
{umsesren Heosam";
Cyckernys Elipors
L Cyernys palchrisdiata mﬁ .
i a o s
.mp cekarti %Tfamrs anmnlimm
PR i ure
Heosam e enrasdal —imlﬂam 'ca
l—{_:'*‘*‘ﬁm Mauremcrﬁtaﬂta
|| Hoceirnys rasds Mauremys leprosa
Cuets erborerss Mauremys reevesi
Cuets bnvorergiens M&Uf&ﬂﬂ&jﬂ_ﬂﬂﬂiﬂa
uons o Mauremys sinensis
Cuoea pabinioes Ell.gra ml
e [a d
:;::::I: Guora galbindrons
Cuera pomeress Cuora amboinensis
Fuon i Guora mouhoti
— e Cuora flavomarginata
Cuona Hfascaiornas &lﬂ: ;%lﬂ"aﬂﬂﬂ%
ciagscni Cuorapani
— 2 1a
A ::j:i b5 B Cuora irifasciata
Maavmys caspica
Nazamys kpees
Wagems saans
Maavmys pponca
Magarmys mavesi
Magamys nigrcae

Figure 13.Current phylogenetic hypotheses (A = compiled tree; B = 50% majority rule supertree based of 3186 equally parsimonius trees in
second search; 461 trees revealed by initial search) of the relationships within the turtle family Geoemydidae.

shapping turtles (Chelydridae) (Fig. 4B). As is evident frombroader taxon and character sampling (i.e., from both the
the various positions of the Chelydridae in Figs. 4A and 4Bnuclear and mitochondrial genomes, as well as from
its phylogenetic position among the Cryptodira is the leastnorphology). A reconsideration of the shared morphology
resolved of all turtle families. Final resolution of the of chelydrids and platysternids in light of recent
phylogenetic position of these two families will require paleontological data may also prove useful.
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Figure 14.Current phylogenetic hypotheses (A = compiled tree; B = 50% maijority rule supertree based on 10,000 equally parsimopnious trees
325 trees revealed by initial search) of the relationships within the turtle family Testudinidae.

Although there is no recent disagreement that theest of the geoemydids, and recommended its recognition as
testudinids and geoemydids are closely related (i.e., belorgsubfamily of the Geoemydidae.
to the monophyletic Testuguria; e.g., Parham et al., 2006a), At this time five family pairs appear to be firmly
recent analysis by Spinks et al. (2004:Fig. 3) reconstructeslpported as sister tax&odocnemididae—Pelomedusidae,
the Geoemydidae as paraphyletic with respect to th€arettochelyidae—Trionychidae; Cheloniidae—Dermochelyidae;
testudinids (though with low support), suggesting that th&ermatemydidae—Kinosternidae; and Testudinidae—Geoemydidae.
genusRhinoclemmysight deserve familial status in order The Chelidae is strongly supported as the sister group of the
to preserve a monophyletic taxonomy. However, Le andodocnemididae—Pelomedusidae (= Pelomedusoides) as a
McCord (in press) resolvedhinoclemmyss sister to the monophyletic Pleurodira, and the Trionychidae—
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Carettochelyidae (= Trionychia) is strongly supported asthe  Trionychidae and Carettochelyidae- Following the
sister group of the other living Cryptodira. The major re-work of Meylan (1987; based on morphology) and Engstrom
maining higher level questions for turtles are the phyloge(Engstrometal., 2002, 2004; based on nuclear and mitochondrial
netic relationships among the three other cryptodire famifpNA sequences and morphology), resolution of the
pairs and the Emydidae, Chelydridae, and Platysternidaerelationships among the softshell turtles and their sister
Chelidae. —Resolution of the relationships among relationship to the monotypic family Carettochelyidae are quite
most of the chelids in Fig. 5 should be considered tentativeyell supported (Fig. 8). However, despite theemmprehensive
because of incomplete taxon sampling (Georges et alnalyses, one clade remains poorly resolved, that including the
1998), reduced character sets (Seddon et al., 1997; McCogeneraspidereteandNilssonia Broader genomic sampling
et al., 2002; Bour and Zaher, 2005), disagreements ovenight clarify that last problematic softshell clade.
character scoring (compare McCord et al., 2002; and Bour Cheloniidae and Dermochelyidae- The position of
and Zaher, 2005), unreported bootstrap support for resolvddermochelyss sister to the rest of the living marine turtles
nodes (Georges et al., 1998), and considerable undescribleads long been supported (e.g., Gaffney and Meylan, 1988).
(Georges and Thomson, 2006) and recently described (Bolmr addition, the three most recent phylogenetic analyses of
and Zaher, 2005; Thomson et al., 2006) diversity. Particusea turtle species all supported the tree illustrated in Fig. 9
larly problematic are the relationships within the polyphyl-(Bowen and Karl, 1997; Dutton et al., 1996; Parham and
etic genusElseya(Georges and Thomson, 2006) and theFastovsky, 1997). Nevertheless, additional genomic sampling
clade including the older geneBatrachemysand (since only mtDNA data are currently available), analyzed by
Mesoclemmysnd the recently described or resurrectedalgorithms developed after those studies were published, should
monotypic gener®hinemysRanacephalzandBufocephala provide the definitive test of this hypothesis.
(McCord et al., 2002). Despite this uncertainty, a consensus Chelydridae — The relationships among the taxa in
does appear to be emerging that the family includes threhis family (Fig. 10) are well-resolved (Phillips et al., 1996;
monophyletic groups, the Australasian long-necked turtleShaffer et al., in press), and additional cryptic diversity
(Chelodinaand Macrocheloding, the Australasian short- seems unlikely to emerge (Shaffer et al., in press).
necked turtlesIseyaand relatives), and the South American Kinosternidae and Dermatemydidae No recent dis-
species (wittlydromedusas sister to the other South Ameri- agreement exists concerning the relationships among the
canforms; compare Gaffney and Meylan, 1988). However, thgenera in these two families (Fig. 11A), whether based on
reciprocal monophyly of the Australian and South Americatmmorphology (Hutchison, 1991; Iverson, 1991, 1998) or
taxais still not resolved. Work currently underway should soomolecules (lverson, 1998; Krenz et al., 2005; Fuijita et al.,
resolve the relationships among at least the Australian speci2g804). However, published phylogenetic studies to date
(A. Georges, N. FitzSimmongers. comn). either had reasonably comprehensive taxon sampling but
Pelomedusidae— The genusPelomedusaehas been minimal character sampling (Ilverson, 1998) or minimal
considered to be sister to the gefadusiosby all recent taxon sampling and only slightly better character sampling
authors (Fig. 6); however, no rigorous phylogenetic study t¢Serb etal., 2001; Walker et al., 1998). In addition, to date only
date has includg@elomedusalong with reasonable sampling mitochondrial DNA has been sampled. As a result, there is
within the speciose genfelusios(with at least 18 species; considerable uncertainty in the relationships within even the
TTWG, 2007b). In fact, no phylogenetic hypothesis has previtwo best-studied cladeSternotherugcompare Iverson, 1998
ously been published for the species of the gealisiosThe  and Walker et al., 1998) and tté@nosternonflavescens
tree provided in Fig. 6 is based entirely on morphology, aspecies complex (compare Iverson, 1998, Walker et al., 1998,
hypothesized by Roger Bour (unpubl. data). In addition, thend Serb et al., 2001). Because of this poor resolution, a more
description of two new cryptic specief@lusiosnthe lastsix ~ comprehensive study of nuclear and mitochondrial genes and
years (Appendix B) suggests that undescribed diversity renorphology is underway (Ilverson and Le, unpubl. data).
mains in this genus [only the genlisstudopotentially in- Emydidae — Except for the genu$rachemysthe
cludes more diversity; but see below]. Even a preliminarymonophyly of and the relationships among the other genera
molecular phylogeny within this genus is sorely needed. in this family appear well resolved (Fig. 12), despite the fact
Podocnemididae— Recognition of this clade as a that no data are yet available from the nuclear genome. As is
separate family is a relatively recent concept (following deevident from the compiled tredrachemysas currently
Broin, 1988), but well-supported phylogenetically (see ref-constituted appears to be paraphyletic, and the relationships
erences above under inter-family relationships). Howevermmong the included species are tentative at best (compare
resolution among the genera and species is still unclear (Fi§eidel, 2002 versus Stephens and Wiens, 2003b). Resolu-
7). The position oErymnochelysss sister t®eltocephalus tion among species in the genBseudemyandGraptemys
is supported by Meylan (1996) and Starkey et al. (unpubis also unclear and will require extensive intraspecific (i.e.,
data), but placementBfymnochelyas sistertfodocnemis  geographic) and interspecific sampling. For example, the
is supported by Georges et al. (1998), Noonan (2000), aritcke generated by Stephens and Wiens (2003b) did not
Noonan and Chippindale (2006). A well-supported tree foinclude all recognized taxa in the gerRseudemysand
the members of the gen®odocnemiss needed, and is Graptemys 0. ouachitenssdG. 0. sabinensisvere re-
currently underway (Starkey et al., unpubl. data). solved in separate clades in that paper. Finally, although
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there is some agreement (Minx, 1996; Feldman and Parham, Within the genu€uora,molecular sampling withi@.
2002; among others) that the gefliesrapendncludes two  amboinensisvill no doubt reveal that it is a species complex
monophyletic clade®¢nata/nelsonandcarolina/coahuila/  (C. Ernst,pers. comn), and more complete taxon and
mexicanalyucatanathe relationships among the taxa in thegeographic sampling will be necessary to sort out relation-
latter clade are poorly resolved (Stephens and Wiens, 2008hips within theC. trifasciatdC. cyclornatacomplex (com-
and will also require extensive geographic sampling tgare Blanck et al., 2006, and Spinks and Shaffer, 2006). The
clarify. factthatC. trifasciatahybridizes easily with at least six other
Geoemydidae— Several taxa of geoemydid turtles species (Vetter and van Dijk, 2006) complicates this work,
were described in the 1990s based on turtles supplied tas does the very recent evidence for mitochondrial introgres-
animal dealers. Despite their being morphologically distinsion and nuclear-mitochondrial pseudogenes in that species
guishable and purportedly field-collected (with some of(Spinks and Shaffer, 2006).
them being shipped in large numbers and capable of produc- Finally, within the genusMauremysthe relationships
ing fertile, identical F1 offspring), six have been shown to bamong the European species have been the only significant
of hybrid origin (see Parham et al., 2001; Spinks et al., 2004rea of recent contention (Spinks et al., 2004; Feldman and
and Stuart and Parham, 2007; and papers cited thereiarham, 2004; Fritz et al., 2006; Le, 2006). Thorough
Whether those hybridizations were the result of humaigeographic and molecular sampling will be necessary to test
husbandry or natural events (or both) remains to be detethe most parsimonious biogeographic hypothesis of mono-
mined definitively. Three other new taxa appear to be valighhyly of the European taxa (e.g., see Le, 2006). Resolution
species based on genetic and morphological analysis, botthis problem has significant taxonomic implications (e.g.,
have not yet been field collected (Stuart and Parham, 200ompare Spinks et al., 2004, and Vetter and van Dijk, 2006).
Further study of the propensity of turtles in this family to Testudinidae— As a result of the recent work by Le et
hybridize, even between members of distant clades (e.al. (2006), Parham et al. (2006b) and other sources cited in
SacaliaandCuora), will be essential for a full understanding Appendix B, the phylogenetic relationships among the gen-
of the evolution of the turtles in this family. era of tortoises are quite well resolved in the compiled tree
Despite the confusion caused by the hybrid descripfFig. 14A), even if the generic nomenclature is not (see
tions, the relationships among most of the genera and speciE§WG, 2007b). However, rigorous phylogenetic hypoth-
of geoemydid turtles have been well resolved (Fig. 13Agses for speciesin several problematic generaHemopus
Spinks et al., 2004; Le, 2006; and other references iKinixys, PsammobatesAldabrachelys/Dipsochelysand
Appendix B). Nevertheless, several problematic clades despeciallyTestudd are still lacking. Because of the tremen-
remain (e.g., the gene@yclemysCuora andMauremys  dous uncertainty surrounding species boundaries in the
eachsensu lath Recent morphological and molecular work genusTestudo(5 species recognized in Iverson, 1992; 22
(e.g., Guicking et al., 2002; and references therein) hagcognized in Guyot Jackson, 2004), and concern for conser-
suggested thatinstead of including only two species (Ilversomation in that genus (e.g., Ballasina, 1995), a thorough molecu-
1992), the genu€yclemysmay include as many as nine lar phylogenetic study of that genus is desperately needed.
species (note that only five of these are included in Fig. 13A,
because the species boundaries are so unclear). Only thor- Supertree Analyses
ough geographic and genetic sampling can clarify the actual
number of species in this genus. However, their historic  Our attempt to produce a single informative supertree
transport in the food and pet trades, and hence opportunitgr all turtles was unsuccessful. This was in large part due to
for genetic contamination through escape and hybridizatiorthe necessary restriction of input trees to those produced by
may complicate those efforts. maximum parsimony analysis, with reported bootstraps,

Table 1. Summary of primary data partitions on which published trees for turtle families have been based. See Appendix C fa full sourc
material. Available but yet unpublished data are indicated with an x.

Mitochondrial genes Nuclear genes

Family Morphology cytb ND4 12/16S rRNA Control Cco1 cmos R35 Ragl Rag2
Chelidae + - - + - + + - - -
Pelomedusidae - - - - - - - - - -
Podocnemididae - X X - - - - - - -
Trionychidae + + + - - - - + R R
Kinosternidae + + + - + - - - - -
Cheloniidae + + + - + - - - - -
Emydidae + + + + + - - - - -
Geoemydidae + + + + - + X + X X
Testudinidae + + + + + + + - - +
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and to those with minimal redundancy in character sets, baimong the more derived genera. Additional taxon sampling
also to the dearth of published trees for several families artd supplement that of Le et al. (2006) should clarify these
the fact that most molecular phylogenies are based on onlyncertainties.
a few mitochondrial genes (Table 1). Hence, well-resolved  These preliminary supertree analyses for turtles gener-
supertrees could not be generated for all families. Howeveally corroborated the results of the compiled tree approach.
for the cheloniids the supertree and compiled trees welRiscrepancies apparently reflected the incongruence among
identical (Fig. 9), reflecting the concordance of all threeinput trees which were based on variable gene partitions
input trees. Unfortunately, as mentioned previously, thédsometimes overlapping and sometimes not). Our compiled
nuclear genome has not been sampled for marine turtlestree approach had the possible advantage of relying more
For the kinosternids, the single perfect supertree (Ficheavily on the most recent, most inclusive phylogenetic
11B) differed from the compiled tree in suggesting aanalyses, whereas by default the supertree analyses often
paraphyletic genuKinosternon the placement of thK. included trees based on a single gene alongside trees based
herrerai clade with theK. leucostomuntlade, alternative on multiple genes (sometimes both mitochondrial and
relationships among the speciesStérnotherusthe incor-  nuclear). In any case, the exercise did demonstrate that most
poration of theK. hirtipesgroup within theK. scorpioides recent phylogenetic studies of turtles have focused on but a
group, and alternative relationships among the members édwmitochondrial genes (Table 1; Appendix C). This has
the latter two groups. These disparities apparently reflect theroduced some disparity in the resulting trees, particu-
differences between the cytb (lverson, 1998), ND4 (Starkeyarly among poorly supported nodes. The more recent
1997), and control region (Walker et al., 1998; Serb et alinclusion of multiple gene datasets (both mt and nDNA,;
2001) gene trees included in the supertree analysis. Theg., Engstrom et al., 2004; Spinks et al., 2004; Diesmos
inclusion of additional genetic data (especially from nucleaet al., 2005; Le et. al., 2006) has produced better resolu-
genes) will most likely be necessary to resolve these cortion in trees, although evaluation of individual gene trees
flicts. is needed in order to determine which genes contributed
The majority rule supertree for the geoemydids (Figmost strongly to that resolution. Once both taxon and
13B) is generally very similar to the compiled tree, with thegene sampling are more complete for turtles, compari-
primary differences being the placementRof areolata sons among single gene trees, trees based on total evi-
within the genuRhinoclemmyghe placement of the mono- dence, and supertrees basedatividual gene trees as
typic generadardella, NotochelysandLeucocephalorthe  input should be very informative.
basal relationships within the genh&uremys and the
positions within the genu€uora of C. mccordj C. Conclusions
amboinensisandC. flavomarginataMost of the discrep-
ancy between the compiled and supertree was a result of The last decade has seen amazing progress in the search
basing the former primarily on published and unpublishedor the “tree of life” for turtles, and this progress has had
multi-locus studies with extensive taxon and character sanmany ancillary benefits to turtle taxonomy and conserva-
pling (Spinks et al, 2004; Diesmos et al., 2005; Le, 2006; L&on. However, for this progress to continue, the next decade
and McCord, in press), whereas the latter was based entiralyust see greater attention paid to comprehensive sampling
on three published studies with minimal overlap in genef both markers and taxa in molecular studies (including
sampling (Honda et al., 2002a; Spinks et al., 2004; Parhasubsampling within species). The value of many otherwise
etal., 2004), only one of which (Spinks et al., 2004) include@xcellent studies over the past decade has been diminished
a nuclear gene. Publication of the work by Le (2006) and Leecause closely related taxa were not adequately sampled,
and McCord (in press) may provide nearly complete resolusecause outgroups were inappropriately chosen, or because
tion of the relationship within this family. analysis relied too heavily on small regions of the genome.
Both the consensus and 50% majority rule supertreeSmerging genetic resources show promise in overcoming
produced for the family Emydidae were nearly completeljthe marker limitation issue. Engstrom et al. (2007) compiled
unresolved. For example, neither was able to resolve evell known primer pairs for turtles and found that many
the genusGraptemysas monophyletic. Hence, those treesmtDNA primer pairs are known to be useful across turtles,
are not illustrated nor discussed further. but that nuclear sequence markers are in short supply. A
The input trees for the supertree analysis of thdéacterial artificial chromosome (BAC) library was recently
Testudinidae were based primarily on 12S and 16S rRNA&onstructed foilChrysemys picta belliand has been em-
and cyt b mtDNA (only Le et al., 2006 included nuclearployed todevelop a set of 96 new nuclear markenany
data), and the resulting majority rule tree was quite differendf which appear to be useful across turtles (Shaffer and
from the compiled tree (Fig. 14A vs. 14B). In addition to notThomson, 2007; R.C. Thomson, S.V. Edwards, and H.B.
being fully resolved, the majority rule did not recognize theShaffer, unpubl. data)These resources, coupled with
generaHomopus Geochelongor Chelonoidisas mono- increasing cooperation in assembling tissue banks within
phyletic. It also differed from the compiled tree in thethe academic and herpetocultural communities, make an
placement oAgrionemysEurotestudpandAldabrachelys  attempt at recovering the tree of life for all turtle species
the relationships withiKinixys and the poor resolution using a comprehensive multi-marker approach a reason-
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WALKER, D.,AnD Avisi, J.C. 1998 Principles of phylogeography as
illustrated by freshwater and terrestrial turtles in the southeastern  Literature sources on which the compiled trees for turtles were
United States. Annual Review of Ecology and Systematics 29:23ased. Most full citations appear in Appendix A; those listed here

. lacked phylogenetic trees.

WALKER, D., BURKE, V.J., BarAK, |.,AND Avisi, J.C. 1995. A compari-
son of mtDNA restriction sites vs. control region sequences iframily level (based primarily on Near et al., 2005; Fujita et al., 2004;
phylogeographic assessment of the musk tuBterfotherus Shaffer etal., 1997; and Noonan, 2000; but see Krenz et al., 2005,
minor). Molecular Ecology 4:365-373. and Parham et al., 20064, for the positions of the Chelydridae and

WALKER, D., MoLER, P.E., BHLMANN, K.A., AND Avisg, J.C. 1998a. Platysternidae, respectively).

Phylogeographic patterngdinosternorsubrubrumandK. baurii Chelidae(based primarily on Georges and Thomson, 2006, McCord
based on mitrochondrial DNA restriction analysis. Herpetologica et al., 2002, and a 50% majority rule tree based on a parsimony
54:174-184. analysis of the data matrix in Bour and Zaher, 2005). Additional
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1997:16-21. freshwater turtle in the genBE$seya(Testudines: Chelidae) from
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Formation of Montana. University of Kansas Science BulletinBour, R. 1986. Notes sielusios adanson{Schweigger, 1812) et
51(17):539-563. sure une nouvelle espéce affine du Kenya (Chelonii,
WiLLiams, E.E. 1950Testudo cubensand the evolution of western Pelomedusidae). Studia Geologica Salmanticencsia. Studia

hemisphere tortoises. Bulletin of the American Museum of Natural Palaeocheloniologica 2(2):23-54.

History 95:1-36. Bour, R. 2000. Une nouvelle espéceérgdusiogdu Gabon (Reptilia,
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hybrid origin ofMauremys iversorPritchard et McCord, 1991, Bour, R.,anD MARraN, J. 2003. Une nouvelle espéceRddusiosde
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Bataguridae). Zoologische Abhandlungen Staatliches fiir Mu- 6(21):24-43.

seum Tierkunde Dresden 51:41-49. Podocnemididaglbased mainly on Starkey et al., unpublished MS;
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Noonan, 2000; and Noonan and Chippindale, 2006). MoLL, E.O. 1986. Survey of the freshwater turtles of India. PartI: The
Trionychidae (based on Engstrom et al., 2002 and 2004). genusKachuga Journal of the Bombay Natural History Society
Cheloniidae(based primarily on Bowen and Karl, 1997); additional  83:538-552. Kachugd

sources included Dutton et al. (1996), and Parham and FastovskjoLL, E.O. 1987. Survey of the freshwater turtles of India. Part II:

(2997). The genusKachuga. Journal of the Bombay Natural History
Chelydridae (based on Phillips et al., 1996; and Shaffer et al., in Society 84:7-25.H{achugd
press). Testudinidae(based primarily on Le et al., 2006); additional sources

Kinosternidae (based primarily on Iverson, 1998); additional sources included Baard (1990); Cunningham (2002); Fritz, et al. (2005);
included Hutchison (1991); Serb et al. (2001); and Walker et al. lverson et al. (2001); Loveridge and Williams (1957); Parham et
(1998). al. (2006b); Reynoso and Montellano-Ballesteros (2004); and the

Emydidae (based primarily on Stephens and Wiens, 2003b); addi- following:
tional sources included Fritz et al. (2005); Seidel (2002); StarkeBroabLey, D.G. 1993. A review of the southern African species of
(1997); and Starkey et al. (2003). Kinixys Bell (Reptilia: Testudinidae). Annals of the Transvaal

Geoemydidagbased primarily on Spinks et al., 2004; Le, 2006; Le Museum 36(6):41-52.
and McCord, in review); additional sources included Barth et al.PerALA, J. 2001. A new specieske#studdTestudines: Testudinidae)
(2004); Diesmos et al. (2005); Feldman and Parham (2004); from the Middle East, with implications for conservation. Journal
Guicking etal. (2002); Parham et al. (2004); Praschag et al. (2006); of Herpetology 35:567-582.

Stuart and Parham (2004), and the following:

AprPENDIX C

Compilation of candidate trees for supertree analysis. These studies each involved extensive character and taxon saiti@ing, and
reported bootstraps or included raw data that allowed us to calculate bootstraps by resubmitting the data to maximunapalgsisony
(“reran”). For each entry, citation is followed by the text figure depicting the tree, a summary of the data set on wdeolvakdased, and
the method of phylogenetic anlysis used (MP = maximum parsimony; ML = maximum likelihood; NJ = neighbor joining; and MBssMrBay
Figure numbers ibold are those chosen as input trees for the supertree analyses. Some trees were collapsed to species level (so indicated).

Family level
Shaffer et al. (1997) Fig. 4a 892 cytb MP
Fig. 4b 325 12S DNA MP
Fig. 4c 892 cyt b and 325 12S rDNA MP
Fig. 4d 115 morphology MP
Fig. 5a 892 cyth, 325 12S rDNA, 115 morphology MP
Fig. 5b 115 morphology with fossils MP
Fig. 5¢ 115 morphology with fossils MP
Fig. 5d 892 cytb, 325 12S rDNA, 115 morphology with fossils MP
Cervelli et al. (2003) Fig. 7right 270 U17 snoRNA MP (bootstraps w and w/o indels)
Fuijita et al. (2004) Fig. 4 1093 R35 nuclear intron MLU/ML/MP/MP
Krenz et al. (2005) Fig. 4A 2793 RAG-1 MP
Fig. 4B 2793 RAG-1 MB
Fig. 5A 2793 RAG-1, 892 cyt b, 325 12S rDNA MP
Fig. 5B 2793 RAG-1, 892 cyt b, 325 12S rDNA MB (Note: Fig 1 is Shaffer et al., 1997
with bootstraps)
Near et al. (2005) Fig A1 892 cytb, 2790 RAG-1, 1009 R35 MB (bootstraps only >95%)
Parham et al. (2006a) Fig. 3 7.2-16.2kb mtDNA MP
Chelidae
Seddon et al. (1997) Fig. 3 411 12S rRNA MP
Georges et al. (1998) Fig. 1 394 12S rRNA, 474 16S rRNA, 345 CO1, 365 c-mos MP weight/MP not/ML (only >70%
bootstraps)
Fig. 2 12S rRNA, 474 16S rRNA MP weight/MP not/ML (only >70%
bootstraps reported)
Fig. 3 394 12S rRNA, 474 16S rRNA, 345 CO1 MP weight/MP not/ML (only >70%)
Fig. 4 consensus of Figs 1-3 MP weight/MP not/ML (no bootstraps)
McCord et al. (2001) Fig. 2 18 morphological MP (no bootstraps; JBI reran)
Bour and Zaher (2005) Fig. 7 19 morphological MP (no bootstraps; JBI reran)
Pelomedusidae/Podocnemididae
Noonan (2000) Fig. 1 921 12S and16S rRNA MP (and ML)
Starkey et al. (unpubl.) Fig. cytb and ND4 MB
Trionychidae
Meylan (1987) Figs. 31-34  no bootstraps, but see Engstrom et al 2004
Weisrock and Janzen (2000)  Fig. 1 806-811 cyth MP (collapsed)
Fig. 2 806-811 cyth NJ
Engstrom and McCord (2002) Fig. 1 731 ND4/Hist ML/MP
Engstrom et al. (2004) Fig. 1 reanalysis of Meylan 1987 with bootstraps MP
Fig. 4 735 ND4/His, 1144 cyt b, 1063 R35 separate & combined MB
Fig. 5a 3 genes plus morphology MP
Fig. 5b DNA data only ML
Fig. 5¢ DNA data only MB
Fig. 5d DNA plus morphology MB
Kinosternidae
Starkey (1997) Fig. 19 992 ND4-Leu Nle(icostomurrsample is bad)
Fig. 20 992 ND4-Leu MP (leucostomurisample is bad)
Walker et al. (1998) Fig. 2 402 control region Min evol method (but MP bootstraps)
Iverson (1998) Fig. 2 290 cytb, 34 protein, 27 morphological MP
Serb et al. (2001) Fig. 2 1158 control region MP

Fig. 3 1158 control region NJ
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Cheloniidae/Dermochelyidae

Bowen et al. (1993) Fig. 1right 503 cytb
Dutton et al. (1996) Fig. 3a. 907 ND4-LEU
Fig. 3b 526 control region
Fig. 4b ND4-LEU, cytb (from Bowen et al. 1993)
Fig. 4a ND4-LEU, cytb, control
Bowen and Karl (1997) Fig.2.1top  repeat of Dutton et al 1996
Fig. 2.1low “anonymous mtDNA” (Karl et al. unpublished)
Parham and Fastovsky (1997ig. 4 24 morphological
Emydidae
Lamb et al. (1994) Fig. 6 74 restriction sites, 380 cyth, 344 control region
Bickham et al. (1996) Fig. 3 556 16S rRNA
Fig. 4 top 556 16S rRNA
Fig. 4 bottom 556 16S rRNA
Starkey (1997) Fig. 15 992 ND4-Leu
Fig. 16 992 ND4-Leu
Fig. 17 992 ND4-Leu
Lamb and Osentoski (1997)  Fig. 3 386-440 cyth, 216-246 control region

Feldman and Parham (2001)Fig. 2 (left)

(and 2002)
Seidel (2002)
Stephens and Wiens (2003b)

1200 cytb/threonine, 900 ND4/His/Ser/Leu

Fig. 2 23 morphological
Fig. 7

225 morphological, 345 control region, 1181 cytb
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MP bootstraps (but only > 85%)
(collapsed)
MP

MP no bootstraps (JBI reran)

MP

MP

MP

MP
MP

NJ

MP (positions weighted)

MP

MP
MP (collapsed)
MP

[Note: this paper includes 12 other trees with bootstraps for small partitions of overall data set, & @. inugne

Geoemydidae
Yasukawa et al. (2001) Fig. 3 35 morphological
Fig. 4 35 morphological
Parham et al. (2001) Fig. 3top 700 CO1, 900 ND4/His/Ser/Leu
Honda et al. (2002a) Fig. 2a 41012S, 472 16S rRNA
Fig. 2b 410 12S, 472 16S rRNA
Fig. 2c 410 12S, 472 16S rRNA
Guicking et al. (2002) Fig. 2 982 cyth
Spinks et al. (2004) Fig. 2 1140 cytb
Fig. 3 1140 cytb, 400 12S rDNA, 1000 R35
Parham et al. (2004) Fig. 1 831 CO1, 892 ND4/His/Ser/Leu (mDNA)

Feldman and Parham (2004)  Fig. 1A 831 CO1, 892 ND4/His/Ser/Leu (mtDNA)
Fig. 1B

0. 831 CO1, 892 ND4/His/Ser/Leu (mtDNA)
Stuart and Parham (2004) Fig. 1 831 CO1, 892 ND4/His/Ser/Leu (mtDNA)
Fig. 2 831 CO1, 892 ND4/His/Ser/Leu (mtDNA)
Barth et al (2004) Fig. 2 1080 cyth/threonine
Fig. 3A 1080 cytb/threonine
Fig. 3B 1080 cyth/threonine
Diesmos et al. (2005) Fig. 2 cyth, 12S, R35 from Spinks et al (20048ythsis
Le and McCord (in press) Fig. 4 1140 cytb, 409 12S, 580 16S, 602 cmos, 642 Ragl
Testudinidae
Lamb and Lydeard (1994) Fig. 3A 352 cyth
Fig. 3B 352 cyth
Caccone et al. (1999) Fig. 2top left 401 12S rRNA
Fig.2toprt 568 16S rRNA

Fig. 2 low left 386 cytb
Fig. 2lowrt combined

MP (no bootstraps; JBI reran)
NJ (ho bootstraps)
MP (lower: ML w/o bootstraps)
NJ (all with bootstraps > 50%)
ML (all with bootstraps > 50%)
MP (all with bootstraps > 50%)
MP (collapsed)
ML (but MP bootstraps)
ML (but MP bootstraps / MB >95%)
MP
MP (collapse)
MB

MP
ML
MP/ML/NJ
MP/ML (different taxa)
ML/MB/NJ

MP

MP

MP (unweighted)
MP (transversions weighted)
MP
MP
MP
MP (bootstraps in Table 3)

Meylan and Sterrer (2000) Fig. 8 28 morphology MP (no bootstraps; ML reran)
Gerlach (2001) Fig. 5 66 morphological MP (bootstraps “92-100%"; JBI reran)
Iverson et al. (2001) Fig. 1 1094 cytb MP/NJ
van der Kuyl (2002) Fig. 2A 404 12S rRNA MP (collapsed)
Fig. 2B4 404 12S rRNA ML (no bootstraps)
Fig. 2C 404 12S rRNA NJ
Palkovacs et al. (2002) Fig. 2A 386 cyth, 403 12S rRNA, 568 16S rRNA MB
Fig. 2B 386 cyth, 403 12S rRNA, 568 16S rRNA ML
Fig. 3A 386 cyth, 403 12S rRNA, 568 16S rRNA MP
Fig. 3B 386 cyth, 403 12S rRNA, 568 16S rRNA NJ
Caccone et al. (2002) Fig. 4 430 12S, 553 16S, 416 cyth, 934 control, 1790 ND5, 520 NREMP/NJ/MB
Cunningham (2002) Fig. 5.8 1167 cytb+ND4 MP
Peréla (2002) Fig. 3 61 morphological MP
Fig. 4 61 morphological MP (only outgroup differs from Fig. 3)
Semyenova et al. (2004) Fig.5 213 RAPD fragments UPGMA
Fritz et al. (2005) Fig. 2 1124 cytb NJ
Fig. 3 1124 cytb MP (collapsed)
Fig. 5 84 ISSR fingerprints NJ
Le et al. (2006) Fig. 2 1140 cyth, 408 12S, 583 16S, 602 cmos, 654 Rag2 MP
Fig. 3 1140 cyth, 408 12S, 583 16S, 602 cmos, 654 Rag? ML/MB
Parham et al. (2006b) Fig. 3 14858 complete mtDNA MP/ML/MB
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ABsTRACT. — Freshwater and terrestrial turtles are among the mostimperiled biota on the planet, with
nearly half of all extant taxa threatened with extinction. Active science-based management is
required for the persistence of many species. Evolutionary genetic principles are often overlooked in
the development of conservation and management plans, yet genetic data and theory can be critical
to program success. Conservation biologists are encouraged to consider using genetic data and
concepts when developing conservation strategies for turtles. We identify general areas where
genetic principles and empirical data can be profitably used in conservation planning and provide
examples from the turtle literature. Finally, we suggest important areas for future research in
chelonian conservation genetics.

Key Worbs. — Reptilia; Testudines; adaptive potential; conservation; forensics; genetic diversity;
genetic drift; gene flow; inbreeding; management units; mating systems; outbreeding; taxonomy;
trade; turtle

Turtles and tortoises are threatened globally. Approxiof future changes, they will likely require active human
mately 40% (129 taxa) of over 300 extant taxa are regardedtervention. Maintaining required levels of genetic diver-
as vulnerable or endangered, and many face extinction sty is only possible through conservation planning.
effective conservation measures are notimplemented. Wide- Knowledge of genetics is increasingly recognized as a
spread declines in abundance and distribution documentetitical element of conservation biology (Moritz, 1994;
in recent decades have been caused by habitat destructi®@ujtis and Gitzendanner, 1999). Molecular techniques and
pollution, and overexploitation for trade in meat, pets, ananethods of statistical analysis derived from evolutionary
traditional medicines (Gibbons et al., 2000; van Dijk et al.theory can be used to estimate how genetic diversity is
2000; Turtle Conservation Fund, 2002; Moll and Moll, apportioned spatially, how rapidly diversity will be lost over
2004). The number and intensity of pressures continue tiime, to identify crucial forces (anthropogenic or otherwise)
mount, with climate change looming as a new threat, particicontributing to present and future loss of diversity, to gain
larly for species with temperature-dependent sex determin@asight into fundamental aspects of an organism’s biology,
tion (Janzen, 1994; Davenport, 1997; Nelson et al., 200Znd to provide informed guidance for conservation and
Miller et al., 2004; Booth, 2006). Removal or ameliorationmanagement (Moritz, 1999; Reed and Frankham, 2003;
of immediate threats does not necessarily ensure the persideYoung and Honeycutt, 2005; Whiteley et al., 2006).
tence of endangered taxa or populations. Remnant populBespite the clear importance of genetics as a foundation for
tions are more often than not, small and highly fragmentedjnderstanding turtle biology and directing turtle conserva-
attributes that exacerbate their vulnerability to extinctiortion actions, there is a paucity of turtle genetic studies
from stochastic events and loss of genetic diversity (Landeglative to many other taxa.

1998; Hager, 1998). We describe how population genetic theory and data

Genetic diversity represents the raw material to facili-can contribute to greater understanding of turtle biology and
tate adaptation to changing environmental conditions throughow this knowledge can be applied to achieve conservation
natural selection. Hence, loss of genetic diversity can resuttbjectives. We address eight major genetic issues that we
in the loss of adaptive potential. Global environmentabelieve are most relevant to turtle conservation: 1) genetic
change is occurring at a rate unseen in the history of owliversity and potential for future adaptation; 2) genetic drift;
planet (Hare and Meinshausen, 2006; Lenton, 2006; Li et aB) inbreeding and outbreeding; 4) selection; 5) gene flow and
2006). If chelonian species are to adapt and persistin the faickentification of management units; 6) clarifying taxonomy;
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7) elucidating aspects of species’ behavior and ecology; artibn in phenotypic traits resulting from complex interactions
8) forensics. We provide a glossary of terms (highlighted ilbetween heritable genetic and environmental sources of
bold in the text) that are widely used in population geneticgariation. Quantitative trait loci (QTL) are the most rel-
but may not be well known to biologists interested in turtlesevant targets of genetic studies of phenotypic adaptation
Boxes are also included to emphasize several importaffalconer and MacKay, 1996; Lynch and Walsh, 1998;
concepts discussed in the text. Barton and Keightley, 2002). However, quantitative genetic
We have written the text to be accessible to the nonstudies are difficult to conduct. Established pedigrees and/or
specialist and have minimized the use of technical termsarge sample sizes are required to disentangle the effects of
Background theory and concepts are developed and empignvironment and genotype on quantitative traits (Falconer
cal examples are presented to show relevance in areasarfd MacKay, 1996; Lynch and Walsh, 1998; Barton and
turtle conservation. We conclude by suggesting future prikeightley, 2002; Kirkpatrick and Meyer, 2004). It is often
orities and directions. We advocate the use of genetics ampossible to obtain large sample sizes from small wild
only one component of acomprehensive conservation toolkipopulations, and establishing pedigrees is difficult and time-
Genetic principles and data should be complemented wittbonsuming. Small population sizes, long generation times,
biological, ecological, zoogeographic, socio-economic angecretive mating habits, and the potential for long term
other relevant data in order to better direct decisions regardperm storage by females render turtles difficult subjects for

ing chelonian conservation and management. guantitative genetic studies.
Genetic studies that employutral genetic markers
Genetic Diversity and Adaptive Potential are easier to conduct than quantitative genetic analyses.

These two approaches differ because variation at neutral loci

Genetic diversity is a fundamental component of life onis presumably not subject to natural selection, but governed
earth. Without it, there can be no evolution, no diversificaprimarily by drift, mutation, and migration (Merila and
tion, and thus, little or no biodiversity at any level of Crnokrak, 2001; Holderegger et al., 2006). The adaptive
biological organization. In a contemporary sense, withoupotential of populations has frequently been inferred from
genetic diversity, populations cannot respond to biologicabopulation characteristics identified using neutral genetic
or environmental changes through natural selection, bmarkers, under the assumption that neutral and adaptive
those changes natural or anthropogenic in origin (Frankhamaariations are positively correlated. Some empirical studies
1995a, 2005; Amos and Balmford, 2001). suggest that neutral markers can be predictive of variation at

The phenotypeof an organism (its observable proper- quantitative trait loci (Merila and Crnokrak, 2001), whereas
ties) is determined by an individuafjgnotype the expres-  other studies found no significant correlation (Reed and
sion of which is modified by the environment. AdaptationFrankham, 2001). The degree of correlation between the two
occurs when the phenotypic composition of a populatioomeasures of genetic variation will depend on the force of
shifts in response to environmental change. The new generselection pressures on quantitative traits. Traits under the
tion will preferentially represent the genetic composition ofstrongest local selection are expected to exhibit the greatest
parents best able to cope with changes through their abiligivergences from neutral variation. Traits that are not under
to survive and leave offspring. The resulting shift in genetiselection will be largely shaped by the same microevolution-
composition of the population reflects adaptatiomatu- ary forces as neutral regions (McKay and Latta, 2002).
ral selection (Orr, 2005). In the lifetime of an individual, Neutral markers therefore must be evaluated carefully to
responses to environmental change occuplienotypic  infer adaptive variation. New emerging molecular technolo-
plasticity (non-heritable changesin phenotype such as fastgies such agenomewide scans will aid in development of
growth when conditions are favorable). However, the capaaneasures of adaptive variation because these techniques can
ity of an individual to be plastic also has a genetic basigetect loci under selection in the absence mfiori knowl-
Variation is required at the level génescoding for traits edge of gene function (Schlotterer, 2003; Luikart et al.,
(Via, 1993; Bradshaw, 2006). Thus, phenotypic plasticity i2003; Nielsen, 2005; Storz, 2005; Kohn et al., 2006; see also
itself an evolved trait. McGaugh et al., 2007).

The rate of adaptivaicroevolution is roughly propor- An on-going debate in conservation biology con-
tional to theadditive genetic variance Loss of genetic cerns the relative importance of adaptive versus neutral
diversity is a fundamental concern in conservation biologyenetic variation when weighing conservation options
because a populations’ ability to evolutionarily adapt to(Merila and Crnokrak, 2001; McKay and Latta, 2002;
changing conditions is reduced when additive genetic variadolderegger et al., 2006Heritability measured for
tion is depleted (Amos and Balmford, 2001; FrankhamQTLs andheterozygosity (a measure of variation as-
2005). Given current rates of environmental change, theayed using neutral molecular or biochemical markers)
adaptive potential of populations will be critically linked to may both be related to current populatfdéness (Reed
their probability of long-term persistence. and Frankham, 2003). Thus, neutral genetic variation

Levels of genetic diversity can be assayed by measurirgnd trait heritability may both be useful as surrogates of
variances and covariances in phenotypic traits among indpopulation fitness and may be used to prioritize popula-
viduals. The field ofjuantitative geneticsapportions varia- tions for conservation. The value of each approach for
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conservation and management of chelonians will béations (San Cristébal and Cerro Fatal). Genetic studies
highlighted by brief discussion of two published ex-as described above can be used to assess the merits of
amples. alternative management actions.

Janzen (1992) estimated theritability of pivotal
temperature (;ll'v) determining sex (i.e., the incubation tem- Genetic Drift
perature that produces a 1:1 sex ratio) for common snapping
turtles Chelydra serpentina A standard quantitative ge- Genetic drift arises from chance fluctuationsliele
netic breeding design was not possible bedauserpentina  frequencies from one generation to the next. Even if indi-
takes around 10 yrs or more to reach reproductive maturityiduals mate randomly within populations, changedlaie
(Iverson et al., 1997). Instead, eggs from 15 clutches weifeequencywill occur each generation. Due to chance alone,
incubated near thepJ for the population, such that the not all alleles will be present in the next generation, because
among-clutch variation in sex ratio could be interpretechot all individuals will successfully reproduce. Genetic drift
statistically as quantitative genetic variation. Under conis often described as a ‘sampling effect’ in which individuals
trolled conditions, heritability of;Lwas estimated as 0.76 produced in each generation represents a sample of the
(possible range of 0 to 1) at 28°C, suggesting substantialleles in the ancestrgene poolof previous generations.
guantitative genetic variation for sex ratio. In nature, th&senetic drift is greater in smaller relative to larger popula-
temperatures of turtle nests are influenced by the envirortions (Nei et al., 1975). For example, assume on average
mental conditions in the area of the nest (e.qg., soil moistur&0% of a turtle population is at a reproductive age. Not all
canopy cover, aspect, etc.). When accounting for variatiorsexually mature individuals will produce progeny for a given
in the temperature of nests in a natural populatiof.of year for a variety of reasons, such as not finding a mate, poor
serpentinathe effectiveheritability of T reduced to 0.05, nestsite choice, predation of eggs, etc. Hence, effectively, only
implying that genetic factors have a minimal effect on sex fraction of the population will contribute genetically to the
ratios compared to environmental factors. Anthropogeniciext generation and representseffective population size
habitat alterations to nest thermal environments can great(gee Box 1). If the effective population size is small, then there
influence offspring ratios in turtles with temperature-depenis a greater chance that the “sample” will diverge in allelic
dent sex determination. Active management may be resomposition from that of the overall gene pool. Thus the allele
quired to maintain equitable sex ratios for populations nesfrequencies in the gene pool will drift.
ing in thermally-altered habitats. If population numbers decline dramatically (i.e., the

Molecular and/or biochemical genetic markers carpopulation experiencestettleneck) or sex ratios become
also provide estimates of levels of genetic diversityheavily skewed, or variance in male or female reproductive
Beheregaray et al. (2003) used two different neutrasuccess is high, the effective population size (Ne) will be
genetic markers (nuclearicrosatellitesand mitochon- small and the probability that offspring represent a random
drial DNA [mtDNA]) to estimate levels of genetic vari- sample from the original gene pool will be low. As a
ability within and among four island populations of consequence of low Ne, alleles will be lost, particularly
Galapagos tortoiseSgochelone nigra Use of markers those present at low frequencies. When few alleles are
with different rates of mutation to new alleles facilitatespresent in the gene pool, opportunities lieterozygous
estimation of the relative importance of contemporarycombinations of alleles atlacus are reduced, and overall
vs. historical factors on population levels of geneticdiversity will decline with each successive generation (see
diversity. Microsatellites, with their faster rates of muta-Box 2 for more detail). The rate of loss of diversity in a
tion, will illuminate the more contemporary situation bottlenecked population depends on several related factors,
compared to mtDNA (Avise et al., 1992). Analyses ofincluding population size, severity and duration of the bottle-
sequence variation in the mtDNA control region re-neck, generation time, and gene flow (Allendorf, 1986;
vealed long-term evolutionary divergenem@mongpopu-  Hedrick and Miller, 1992; Richards and Leberg, 1995;
lations on the four islands that was concordant with thé&lewman and Pilson, 1997; Garza and Williamson, 2001).
geographic history of the region. Interestingly, for the Kuo and Janzen (2004) useeutral genetic markers
island of Pinzén, there was evidence of historical poputo compare the genetic diversity of a small, isolated popula-
lation growth and retention of high levels of diversity tion of imperiled ornate box turtle3érrapene ornatpto
(estimated from 10 microsatellite loaijithin the popu- that of alarge population located within the main range of the
lation despite the populations’ near extinction in thespecies. Theory predicts that the small population size of the
1920s from predation by the introduced black rat. Surviisolated population should over time lead to reduced genetic
vors of the island population had maintained highediversity due to the effects of genetic drift, relative to the
levels of genetic diversity than expected from populatiodarge population. Genetic diversity was assessed using 11
genetic theory. Hence, conservation efforts for Galdpagagsolymorphic, nucleamicrosatelliteDNA loci for ca. 75
tortoises may be best directed at retaining the relativelturtles from each population. Contrary to expectations, mea-
high existing genetic variability in two populations sures of genetic diversity did not differ between the two
(Pinzén and La Caseta), and intensively managing tpopulations. However, the small population had a genetic
reduce further loss in two genetically depauperate popusignature that indicated a bottleneck in population size (that
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Box 1: Calculating Effective Population Size

The effective population size is the number of individuals in an “ideal” population having
the same magnitude of random genetic drift, or loss of genetic diversity, or increase in
inbreeding as observed. Effective population size is often less than the total population size
due to the fact that not all individuals contribute equal numbers of progeny to the next
generation. Effective population size can be estimated either using population genetic data
or demographic parameters.

N. estimated using demographic data-- 1f the number adult males and females is known,
effective population size can be estimated as:

Ne = 4NmNFf{NrI+N !'}

where Ny, and Ny are the number of breeding age males and females respectively (Nunney
and Elam, 1994). This equation defines the probability that 2 randomly selected genes in
the current generation are copies of the same parental gene.

N estimated using empirical genetic data.— Population allele frequencies change over
time as a function of N, and elapsed time in generations (t). Over small time intervals
{t<<2N.), and assuming that changes in allele frequency are due to drifi, the expected
variance in allele frequency [E(Fc)] is approximately t/{2M,). Using adults for a species
which exhibits discrete non-overlapping generations, Waples (1989} defined the variance in
allele frequency (Fc) between the 2 samples, which can be estimated for each locus as:

Fe = (l]zk (x: = w)
k&= (xi 4 wi)/ 2 — xa
where x, and y, are the allele frequencies of the i of k alleles for adults in time periods t
and t+1, respectively. Thus, Fc can be used to estimate N,.. Fe (variance in population
allele frequency) must be estimated by Fc' (variance in sample allele frequency), which is
also affected by random sampling errors in computing sample allele frequencies. Effective
population size can be estimated by incorporating the variance in allele frequency due to
the finite population size (genetic drift) and due to variation as a function of the finite
number of samples used to estimate allele frequencies.
i

T 2F-1/(28:) - 1/(28) + 1/ N]

Ne

where S; and S, are the number of individuals samples in generations 0 and t. We can also
estimate the effective number of breeders (not effective population size) using parent-
offspring data (i.e., where t=1). This number can be adjusted to estimate effective
population size. For example, for anadromous salmonids, Waples (1990) has shown that
N, ~ gN where Ny, is the number of breeders and g is the generation length (or average age
of breeders) in the adult breeding population. With overlapping generations (i.e., breeding
adults of several age classes contributing progeny to the next generation), estimating
expected genetic drift becomes more difficult. N, as defined above based on the temporal
method must be corrected based on estimates of age-specific fecundity and survival (see
Jorde and Ryman, 1995 for a review and for calculations).

had occurred based on theoretical expectations). Why wamit severe bottlenecks were found by England et al. (2003)
there no detectable difference in levels of genetic diversityo have a greater impact on loss of alleles than bottlenecks of
between populations differing in current numerical abunfower severity occurring over several generations.
dance despite a bottleneck persisting for 1200200 yrs? Not all turtles have retained high levels of genetic
Ornate box turtles have arelatively long lifespan, livingdiversity after experiencing population bottlenecks. Similar
on average 22 yrs in the wild (Metcalf and Metcalf, 1985)to the ornate box turtle, the gopher tortoiSmpherus
This longevity, long generation times, and overlappingoolyphemusin the southeastern United States has suffered
generations are life-history traits characteristic of turtles tha bottleneck persisting for more than a century due to habitat
might retard the negative effects of drift on population levelglestruction of favored longleaf pine fore®sjus palustris,
of genetic diversity. The long duration of the bottleneckand harvesting of turtles for food. Populations were reduced
spanning hundreds of years (and several generations) maymerically by up to 80% (Auffenberg and Franz, 1982).
have also influenced the retention of genetic diversity. Shor§chwartz and Karl (2005) estimated levels of genetic differ-
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Box 2: Predicting the loss of genetic diversity in populations from drift.

Expected loss of genetic diversity from the effects of drift, as measured by heterozygosity,
can be predicted based on the population size. Population measures of heterozygosity can be
measured as the proportion of individuals heterozygous at a locus. The expected proportion
of original heterozygosity remaining afier a generation of drift is [1-1/2N]. If population size
remains constant over many penerations the heterozyposity after t generations (H,) can be
estimated as:

H, = (1-1/2N)'H,
where H, is the population heterozygosity in the present population, and N is the adult
breeding population size.

Population size and stochastic changes in allele frequency due to drift also have demonstrable
effects on other population measures of genetic diversity such as the number of alleles per
locus. Consider a diploid locus with n alleles present in frequencies py, pa, ps...... pn. The
expected number of alleles remaining after a single generation (n') of random mating by N
adults is:
E(n)=n-3" (1-pi) ™

The probability that an allele will be lost is a function of the frequency of the allele in the
population. Thus, alleles at greatest risk of loss are those that are rare {Allendorf, 1986).

entiation among and diversity within gopher tortoise popusmall over several generations, and in the absence of behav-
lations in Florida and Georgia using nine microsatellite lociioral mechanisms to preclude inbreeding such as kin avoid-
Genetic divergence among populations in both regions wem@nce during mate selection. The primary effect of inbreeding
high (average pairwise Fof 0.37+ 0.17 and 0.14 0.05 is to change genotypic frequencies in favor of homozygous
among Florida and Georgia populations, respectively). Valgenotypes(see Box 3). Inbreeding can also lead to de-
ues of E greater than 0.10 are considered to be high (Wrightcreased fitnessnoreeding depression due to the expres-
1969) indicating restricted migration gene flow (see sion ofdeleterious recessive alleletrough matings with
below and glossary). Populations which are reproductivelglose relatives. Inbreeding depression and the loss of het-
isolated, for example within highly fragmented landscapesgrozygosity probably contribute to many components of
are more susceptible to loss of genetic variation due to drifphenotype andfitness, including metabolic efficiency, growth

Founder effectshave been well documented, whererate, reproductive physiology, and disease resistance (Gilpin
newly established populations have substantially reduceahd Soule, 1986). The detrimental effects of inbreeding in
levels of genetic variance compared to sources (Lebergaptive (Ralls and Ballou, 1983) and natural populations
1992; Hedrick et al., 2001). For example, only a smallKeller and Waller, 2002) are widely accepted.
proportion of animals in the captive breeding program of  Population risk of extinction is related to population
Galdpagos tortoises (evaluated for 15 microsatellite markintrinsic rate of increase (Lande, 1988). Declines in repro-
ers) contributed to the repatriated population on the island afuctive output and survival (the basic components affecting
Espafiola (Milinkovitch et al., 2004). Variance in adult population growth) increase proportionally with levels of
contributions can be attributed to several factors, most likelinbreeding (Falconer and MacKay, 1996). There is a consid-
acting in concert, such as unequal access to mates, variarerable literature from case studies on captive populations
in fertility, unequal sex ratios, and differential survivorship(Lacy, 1997), laboratory populations (Frankham, 1995b;
of offspring. Re-evaluation of the breeding adults to equalReed et al., 2002), natural populations (e.g., Frankham,
ize contributions of breeders will ensure that diversity is noL997; Crnokrak and Roff, 1999; Keller and Waller, 2002),
compromised in the supplemented island population by thend from meta-analyses (review in Frankham, 2005) and
‘sampling effects’ (Ramirez et al., 2006; Sigg, 2006). population viability simulations (Brook et al., 2002) that

document the negative impact of inbreeding depression and
Inbreeding and Outbreeding loss of genetic diversity on probabilities of population per-
sistence.

Matings can occur between relatives, even if mating Inbreeding can be a major concern in natural and
occurs atrandom and the population size is large. Inbreedirgptive populations of turtles, particularly if populations are
can have severe genetic consequences. The probability srhall and there is little or no exchange among populations.
matings between relatives will increase when populationsor many populations, exchange of individuals and genes
are small in size, particularly if population size remainsamong populations is becoming infrequent or impossible
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Box 3: Estimating Inbreeding in populations.

There are numercus definitions and ways to estimate inbreeding (reviewed in Templeton and
Read, 1996). At the population level, inbreeding (F) is a measure of deviation from random
mating (Hardy-Weinberg). Population levels of inbreeding can be quantified empirically
using molecular or biochemical markers by estimating the excess or deficiency of observed
heterozygosity (H,) relative to heterozygosity expected if populations were mating at random
(i.e., under Hardy-Weinberg). For example, expected heterozygosity (He) for a locus with 2
alleles with frequencies p and q = (1-p) would be 2pg. F can be estimated as:
(H, - Ho) / Hy, === 1 - (Ho/2pqg)

Thus, if F is a measure of the proportional deviation of observed from expected heterozygosity
observed heterozygosity can be expected to diminish as

H.=2pg (1 - F)
and the frequency of homozygous and heterozygous genotypes in the next generation can be
estimated as:

Genotypes Ap Aa ag
Hardy Weinberg frequencies P 2pg q.
Frequencies with inbreeding P+ pgF 2pg(l - F) q + pgF

due to habitat fragmentation and human development createt likely to be homozygous for the same recessive alleles.
ing impenetrable barriers to gene flow (see below). Isolate@hus, outbreeding among individuals from different popu-
populations of turtles are at high risk of loss of genetidations (wild or captive) can lead to masking of different
diversity through drift and inbreeding. Since adults of manydeleterious recessive allelegresent in different popula-
species are long-lived and have reproductive life spantons. If offspring from outbred matings subsequently con-
extending over long periods of time, there is the potentialribute reproductively in future generations, and if the del-
that they could mate with their sons and daughters, evesterious recessive alleles are present in low frequency, then
grandsons and granddaughters, as adults. If there are tieese alleles are likely to be randomly lost from the popula-
mechanisms to prevent mating with close relatives (i.e., kition after several generations due to simjglendelian
recognition), inbreeding would accelerate loss of genetisegregatiorand genetic drift. The fitness of individuals and
variability and could result in expression of lethal recessivéhe long-term viability of an outbred population can be
alleles leading to lower probabilities of population persis-higher than that of either parental population due to the
tence. Levels of inbreeding will accrue in captive populareduced frequency of these deleterious recessive alleles.
tions with high probability, so considerable attention has  Outbreeding up to some threshold level (i.e., perhaps
been devoted to design of captive breeding programs (Milldsetween individuals from lineages of divergent populations)
and Hedrick, 1993; Ebenhard, 1995; Philippart, 1995; sewould be expected to result in increased population mean
also Syed et al., 2007). fitness. If such a simplistic perspective were indeed true, one
One way to avoid inbreeding is mwutbreed. The  universal conservation prescription for turtle populations of
opposite of inbreeding depression is outbreeding enhanceenservation concern would be to advocate mating individu-
ment, which is often referred tolasterosisor hybrid vigor  als from different populations. However, while inbreeding is
(Lerner, 1954). Individuals from different populations areessentially a concept formulated on a single locus basis, we

Box 4: Qutbreeding depression causes a breakdown in co-adapted gene complexes.

Consider an outbreeding situation demonstrated using two loci. One locus has two alleles (A
and a) and the second locus also has two alleles (B and b). There are two populations living
in two different environments.

Popl  x  Pop2 F1 progeny  Progeny in later generations
Locus 1 AA X i Aa AA or Aa or aa
Locus 2 bb X BB Bh BB or Bb or bb

Individuals in population | have 2 locus genotypes AA Db whereas individuals in population
2 have genotypes aa/BB. If individuals from both populations inter-breed, offspring (F1
progeny ) would all be Aa/Bb. The mixing of new alleles within the genetic background that
has evolved within the environments inhabited by population 1 and population 2 can lead to
problems. In the first generation, we may indeed see an increase in population fitness. If
alleles A and B are primarily dominant to alleles a and b, then either AA or Aa genotypes or
BE or Bb genotypes will still express the same phenotype. The initial reductions in the
frequencies of homosy gous recessive genotypes through outhreeding may actually be
beneficial. However, expectations are that reductions in population fitness would be seen in
later generations, where through Mendelian segregation, potentially maladaptive multi-locus
genotypes (e.2., AA/BB, aa'’bh) are present in the population.
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need to consider outbreeding in the context of the entirgransmitted to the next generation. When the characters
genome Declines in fitness can be realized over a muchuinder selection have a genetic basis and are inherited,
broader spectrum of outbred mating scenarios. natural selection may result in the differential success of
The phenomenon afutbreeding depressioncan be genotypes passing gametes to future generations (Nielsen,
expressed in several ways. Under one scenario, declines2005). Selection can be decomposed into components, by
fitness for hybrids or outcrossed genotypes can occur due taking a cohort born at the same time and following changes
“genetic swamping” of locally adaptive genes through genén the phenotypic and/or genetic characteristics of this co-
flow or directed matings from another population that evolvedhort through each stage of the life cycle. Selection compo-
under different ecological settings. We can consider twaents includeiability selection(differential survivorship),
genotypes Afand BB that evolved in environments 1 and 2,sexual selectiofdifferential mating success), afettility
respectively. AA has higher fithess in environment 1 than theelection(differential production of offspring).
BB genotype. Conversely, genotype BB has the higher fitness = Selection may be introduced by humans through envi-
in environment 2. Hybrid genotype AB is not well adapted taronmental changes to biotic and abiotic features. In captive
either environment. The presence of inferior hybrid genotypegopulations, selection may be intentional such as a deliber-
as a consequence of gene flow and subsequent reproductate selection program designed to change some characteris-
will result in decreased population fitness. tic of the population. Selection can also be an inadvertent
The second way in which outbreeding depression caside effect of sampling or husbandry procedures, for in-
occur is by the breakdown of physiological or biochemicaktance, by selecting a small segment of a population as
compatibilities between genes that have evolved in differertireeders to produce the next generation. Selecting individu-
populations. Interactions among alleles atseveradp@ia-  als with specific characteristics or phenotypes may increase
sig) collectively affect fitness. Organisms have evolved inthe intensity of selection, and lead to loss of genetic variance.
the context of specific environments and have evolved suitdsor example, in captive colonies of the Mallorcan midwife
of genotypes across many genetic loci that are co-adaptedttmad Alytes muletensisnaintained as breeding stock for
each environment. If new alleles are introduced via geneeintroductions, allelic richness and heterozygosity both
flow into the genetic background of the resident populationdeclined in long-term captive bred stocks compared to short-
a loss in fithess may result from physiological or biochemiterm stocks and wild populations (Kraaijeveld-Smit et al.,
cal incompatibilities introduced through disruption of these2006). The consequences of selection may be a depression
co-adapted gene complexes (see Box 4). The fitness of tie fithess-related traits (e.g., fertility, disease resistance,
entire population could be compromised because outbregtowth rate) such as those that are related to survival and
progeny are maladapted to either parental environment. reproductive success. Consequences of selection in captive
Outbreeding depression and inbreeding depression cdmeeding programs are most important in situations where
occur simultaneously in a population. Fluctuations in popueaptivereared individuals are released back into their native
lation size and gene flow (either natural or directed) ofnvironment or when there is the possibility of breeding with
maladaptive alleles can result in inbreeding or outbreedingild individuals. Genetic monitoring of captive breeding and
depression, respectively, in natural populations, potentiallyeintroduction programs is important to ensure that artificial
reducing population fitness. Ultimately, in the design ofselection does not impede continued success. For turtles and
breeding strategies, one must weigh the effects of potentitdrtoises, there is currently little or no genetic monitoring of
past inbreeding in the population (which may have purgeduccessful captive breeding and reintroduction programs
some deleterious alleles) relative to the effects of outbree@Ballou and Lacy, 1995; see also Syed et al., 2007).
ing on locally adaptive genotypic combinations. For many = Humans exertan ever-increasing influence onthe direc-
species of turtles, populations are numerically depressetipn and force of selection acting on species. Average global
and in some cases, the species is only represented in captatenospheric temperatures have increased by approximately
populations, potentially represented by few individuals origi-0.6°C from pre-industrial times to the year 2000, a rate of
nating from geographically different locales, or even fromchange much larger than that seen in the past 10,000 yrs
different taxonomically recognized subspeciesewolu-  (Houghton, 2005). By the year 2100, average global atmo-
tionarily significant units. Decisions to breed across ge- spheric temperatures are projected to rise by 2 to 6°C (Mann
netically and ecologically differentiated groups must weighand Jones, 2003). To put this predicted shift into perspective,
the potential detrimental consequences of both inbreedirnthis degree of climate change is one third of that seen in the
and outbreeding to probabilities of species persistence. lastice age that lasted a period of approximately 100,000 yrs
(Houghton, 2005). Such dramatic climatic changes will
Selection exert strong selective pressure on species to evolve. For
instance, even moderate temperature shifts (i.e., as little as
Natural selectionacts on the phenotypic composition 2°C for the painted turtl&Ghrysemys piclacan drastically
of a population, altering it via the differential survival and skew sex ratios in reptiles with temperature-dependent sex
reproduction of individuals (Lande and Arnold, 1983). Phe-determination (Janzen, 1994). Skewed sex ratios can result
notypes that are better adapted to their environment (i.en smallereffective population sizes elevating risks of
individuals with greater ‘fitness’) will be preferentially inbreeding and loss of diversity via drift. Behavioral modi-
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fications, such as nest-site choice and altered timing of thhe physical presence of an individual in more than one
initiation of nesting, may compensate for the effects of thesgopulation at two or more time periods. Direct observations
local climatic shifts on sex determination (Doody et al.,provide no information about the likelihood of breeding, and
2006), although selection would also act on other aspectthus actual gene flow per se. Further, inferences from direct
For example, juvenile mortality may increase as turtle®bservations are only germane to those populations where
experience prolonged higher temperatures; reduced hatchliogpservations were made. Gene flow can occur over much
recruitment was found i€hrysemys pictafter a particu- broader areas and the indirect genetic-based estimates can
larly long hot summer in 1988 (Janzen, 1994). Given thesprovide accurate measures from population to landscape
startling projections, can turtles and tortoises evolve at acales.
pace that is rapid enough to compensate for the negative Further, direct observations chronicle the extent of
fithess consequences of global warming? movements only over the period of observation but provide
Theory predicts that the maximum rate of sustainabl@o information regarding historical levels of dispersal. Ge-
evolution for a population, or conversely, the maximum rateetic measures of gene flow report the cumulative effects of
of environmental change that can be tolerated, can be ipastand contemporary gene flow. However, for many popu-
ferred on the basis of the interactions of evolutionary forcekations of conservation or management concern, present
on quantitative genetic variation (Lynch and Walsh, 1998)levels of gene flow are of special interest. If rates of gene
In the absence of immigration, the rate of phenotypic evoluflow and/or effective population size had historically been
tion can become limited by the availability a€iditive high, then estimates of gene flow may not reflect present
genetic variance If the rate of environmental change is too conditions. For example, high levels of gene flow and little
high, selective pressures (e.g., impacting survival and/gropulation genetic structuring (panmixis) were documented
fecundity) could exceed a population’s capacity to assimifor the geometric tortois@éammobates geometri¢uBopu-
late new genetic variation via mutation and maintain dations ofP. geometricuare now severely fragmented, and
positive growth rate, especially for organisms with longthe indirect measures of gene flow reflect the historical high
generation times such as turtles. If so, the inevitable outcomevels of connectivity rather than the current fragmented
would be extinction. If the rate of environmental change isondition. In contrast, direct and indirect methods for esti-
sufficiently slow, and if the amount of genetic variation mating gene flow yielded similar results in the freshwater
relative to environmental variation is sufficiently high, the turtleHydromedusa maximilianivith very restricted move-
population may be able to evolve very rapidly in response tments suggestingraetapopulation structure within drain-
this change. Overall, the capabilities of turtles to respond tages (Souza et al., 2002).
and survive the impacts of environmental change such as Understanding the use of terrestrial and aquatic habi-
global warming will depend on the rate of climatic changeats by local breeding populations of amphibians and reptiles
(i.e., the intensity of selection) and the degree of genetiis critical for conservation and management (Semlitsch and
variance within each population for the key traits. In the fac8odie, 2003). Freshwater turtles often require different
of global warming, maximizing the adaptive genetic diver-habitats to carry out all life-history functions. Turtles often
sity at the population, landscape, regional, and species scales and forage in temporary wetlands that are some distance
is paramountto the survival of turtles and tortoises in the 21étom permanent wetlands. They use upland habitats to

century and beyond. disperse seasonally between wintering, breeding, and forag-
ing sites, for purposes of aestivation, feeding, and hiberna-
Gene Flow and Management Units tion, and females use upland habitats to nest (Burke and

Gibbons, 1995). For example, high levels of gene flow in the

Gene flow is defined as the movement of alleles fronestuarine diamondback terragifiglaclemys terrapiywithin
one population to another. Such migration is an evolutionargstuaries are most likely promoted by mating aggregations
force that counters the effects of genetic drift and inbreedinduring the breeding season and high juvenile dispersal
within each population. Gene flow among populations iHauswaldt and Glenn, 2005). These movements were not
often summarized as the average fraction of individuals inletected in long-term mark recapture studies (Gibbons etal.,
each population in each generation that has contribute2D01) and may be important for inbreeding avoidance and
genes derived from another. Gene flow can be measuredaximizing genetic diversity in estuaries.
directly from field techniques of mark-recapture and track-  Landscape connectivity, the degree to which landscape
ing individuals, and indirectly by applying various math- features facilitate or impede movements and gene flow
ematical models of population structure to genetic data (i.ehetween populations (Taylor et al., 1993), is an essential
the island model vs. stepping stone model vs. isolation-byfeature of landscape structure because of effects on move-
distance model). ments among populations, population persistence, and prob-

There are several reasons to expect that direct measuiasilities of recolonization. Landscape connectivity can be
of movements may differ from indirect measures of genguantified in a relative sense based on indices that character-
flow (Slatkin, 1985). First, gene flow in the strict sense refersze the spatial dispersion of landscape habitat types and
to the transfer of genes from one population to anotheaccount for the proportional contributions of each landscape
Migration, as quantified by direct observations, documentsype to landscape matrices between populations. The degree
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of genetic differentiation among populations has been widelgf genetic diversity. Given the harvesting pressures, the
used in wildlife studies as a surrogate measure of dispersahits of management would be more appropriate at the
(Scribner et al., 2005). For example, Scribner et al. (198§)opulation level to ensure local nesting beaches are not
used protein allozymes to estimate genetic relationshipsverexploited for eggs and mature female® oéxpansa.
among populations of slider turtlé&achemys scripleghat ~ Conservation biologists thus need to consider all threatening
were separated by different types of intervening habitataspects from local to landscape scales when defining units
Based on estimates of inter-population variancellele  for management in chelonians.
frequency, these authors presented compelling evidence for
higher rates of gene flow among populations from different Clarifying Taxonomy
embayments along contiguous lake shoreline relative to
interspersed (but aquatically connected) riverine habitat. Inadequately informed management plans and a limited
Populations in small ponds separated by upland terrestrishowledge of biological richness are often the result of
habitat had the lowest rates of gene flow compared to thoseisunderstanding taxonomic status and relationships among
in the other intervening habitat types. taxa. If the units of evolutionary significance or taxonomic
Management strategies for populations need to accouithportance have not been identified and prioritized for
for the dispersal capabilities and natural history of theconservation, biological diversity may not be protected
species. Where panmixis occurs, the populations may tedequately. Molecular methods are particularly amenable to
managed as a single entity with a focus on maintenance odsolving taxonomic relationships and identifying units for
size and habitat quality. In contrast, where there is a higbonservation, because they can uncover diversity in taxa not
degree of structuring, each population contributes to overadlpparent from morphological analyses. Phylogenetics is a
species diversity. Managing these populations as separaiescipline that often uses genetic information to delimit
units is important to ensure diversity is retained within eachspecies boundaries and divergent lineages within species,
and that overall species diversity is not compromised fronand then to estimate the evolutionary relationships amongst
increased gene flow and resultant genetic homogenizatiadhose units (Davis and Nixon, 1992; Avise and Wollenberg,
(DeYoung and Honeycutt, 2005; Moritz, 1994; Moritz, 1997; Nei and Kumar, 2000; Iverson et al., 2007; Turtle
1999). Mixing genetically differentiated populations canTaxonomy Working Group, 2007a). We will illustrate how
also cause outbreeding depression (see above). Managutylogenetics has contributed to resolving taxonomic issues
ment can be guided by the extent to which populations hava chelonians.
diverged, with issues of outbreeding depression and isola- Taxonomy has traditionally used morphological char-
tion being of greatest concern among the most divergemtcters to delimit species wherehalotype is used as a
units, referred to aavolutionarily significant units (ESUs;  reference specimen. However, the propensity of some turtles
Moritz 1994), in comparison to less divergent populationgo hybridize with other species can result in difficulties. For
referred to asnanagement units(MUs). example, at least two “species” of rare Chinese turtles were
Spinks and Shaffer (2005) defined management unitdescribed from specimens purchased from the Hong Kong
for the vulnerable western pond turttengys [= Actinemys] animal trade. Scientists were unable to find these animals in
marmorata)with analyses of 1372bp &iD4 andtRNA the wild and began to question their taxonomic validity.
mitochondrial genes. Populations in northern California and\llozyme andmitochondrial DNA analyses revealed that
farther north were genetically similar and formed a singléhese “taxa” were not representative of species but rather
management unit, whereas drainages farther south exhibitdtey were distinct morphological forms resulting frogn
more structuring. In central and southern California, a largéridization events (Parham et al., 2001). Hybridization and
proportion of intraspecific diversity could be attributed tointrogressionare fairly common in freshwater turtles (e.qg.,
two populations. To retain diversity, these two populationsGeorges et al., 2002; Stuart and Parham, 2004; Spinks and
should be a priority for conservation and management of thehaffer, 2005). Neutral genetic markers may effectively
species. resolve these taxonomic issues and have advantages over
Defining management units was a greater challenge fanorphological traits as they are less subject to plasticity and
the giant Amazon river turtldlodocnemis expansdahis  presumably selection.
species has an impressive dispersal capability, with females Phylogenetic studies can redefine taxonomies. Taxono-
known to traverse up to 400 km between nesting beaches amdes have been refuted or supported by genetic evidence
feeding areas (Hildebrand et al., 1988). As predicted fromwvhere phylogenetic criteria are used to delimit species and
theory, because of its dispersal capabilities and lack ajenera (reviewed in Turtle Taxonomy Working Group,
barriers to dispersal, high levels of gene flow were foun@®007b). Delimiting species on the basis of combined mo-
within basins (Pearse et al., 2006a). Based on this mtDNAecular and morphological criteria is considered the best
analysis, an entire basin represents a management unit. Laaproach for resolution of taxonomies (Seberg et al., 2003;
of structuring in basins was confirmed for nine microsatelliteBlaxter, 2004; Dayrat, 2005). For turtles and tortoises,
loci but these markers also revealed recent reductions delimiting species boundaries can be even more difficult
population size. Extensive harvesting has decimated popbecause interspecific hybridization frequently occurs even
lations ofP. expansand its continuation will result in loss amongst distantly related taxa (e.g., Georges et al., 2002).
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Phylogenetic methods can identify such instances of hybriddowever, lower hatching success and hatchling mass were
ization and resolve taxonomies to define groups constitutinfpund in clutches fertilized from stored sperm in the Euro-
genera or species (Templeton, 2001; Sites and Marshafiean pond turtleEmys orbiculari¥, suggesting deteriora-
2004). For example, in a phylogenetic study of thetion of stored sperm for some species (Roques et al., 2006).
Geoemydidae, not all recognized species appeared to be of The vast body of literature documents a substantial
the same evolutionary lineage. This suggestedrequency of multiple paternity in non-marine turtles and
misclassification of several species (by some criteria), antbrtoises (examples include Galbraith, 1993; Palmer et al.,
instances of interspecific hybridization were documented1998; Moon et al., 2006), but there are exceptions. Low
Based on this genetic evidence, taxonomic revision of thisicidences of multiple paternity (less than 10% of clutches)
group was required (Spinks et al., 2004). have been documented t&mys orbicularisresulting per-
Phylogenetic or phylogeographic studies can identifyhaps from competition of viable stored sperm to fertilize
cryptic species. Cryptic species are named because theggs (Roques et al., 2006). This finding contradicted obser-
comprise distinct genealogical lineages but in the absence aétions of multipleE. orbicularismales mounting a single
molecular or behavioral evidence, lack distinguishing morfemale during the breeding season (Rovero et al., 1999).
phologic characteristics or other diagnostic features to waMating systems may also differ between populations of the
rant recognition as species. For purposes of conservatiogame specief2odocnemis expansahibited 100% mul-
cryptic species are important units of diversity and mayiple paternity in smaller samples (Valenzuela, 2000) and 10
represent threatened taxa, previously unknown to conservi 20% in larger samples (Pearse et al., 2006b). Molecular
tion biologists (Georges and Adams, 1996; Georges et almarkers thus can shed light on mating systems in turtles and
1998; Walker et al., 1998; Fritz et al., 2005). In Asiantortoises that may not be apparent from observational data.
softshell turtles, two species were formally recognizedinthe  Reproductive success is critical to population persis-
Chitra genus:C. indicaandC. chitra MtDNA sequence tence. Only recently, based on applications of biochemical
data revealed three deeply divergeatnophyleticgroups  markers, have turtle biologists been able to extend estimates
in Chitra (Engstrom et al., 2002). The third and previouslyof annual recruitment to quantify reproductive contributions
unidentified form was subsequently named as a distinaifindividual adult males and females. Variance in reproduc-
speciesC. vandijk) based on additional morphological datative success will greatly affect Ne and generational rates of
(McCord and Pritchard, 2002), and is a critically endangerebbss of genetic diversity. Importantly, knowledge of pheno-
species that warrants greater protection (Engstrom et atypic, demographic, and geographic (e.g., habitat) variables
2002). As protection is usually only conferred to recognizedhat can be linked to reproductive success and to inter-annual
species or subspecies in wildlife legislation, it is imperativevariation in recruitment will greatly aid in the development
that taxonomies are clearly defined for effective conservaef conservation plans. Scribner et al. (1993) used allozymes
tion (Soltis and Gitzendanner, 1999; George and Maydenio examine relationships between inter-annual variation in

2005; Turtle Taxonomy Working Group, 2007a). reproductive success and juvenile cohort measures of ge-
netic diversity inChrysemys pictdhat inhabits the E.S.
Insights into Species Biology George Reserve, a large protected wetland complex in

southeastern Michigan. During years where few females

Biologists have traditionally explored various aspectssuccessfully reproduced, offspring from these cohorts were
of the natural history of a species through observationcharacterized by high@mbreeding coefficients(F), lower
Turtles are notoriously difficult subjects for some observaheterozygosity (H), and higher genetic correlations among
tional studies, yet knowledge of many aspects of a speciesidividuals @) compared to cohorts recruited in years when
biology is critical for successful conservation effokts- greater proportions of females contributed progeny. For
lecular markers are providing new insights into turtle conservation biologists, these findings emphasize that fac-
mating systems, dispersal (sex-specific or otherwise), popters affecting inter-annual variation in recruitment also can
lation connectivity, and fluctuations of population sizes thatmpact cohort levels of genetic diversity.
can be difficult to ascertain from field and observational = Ecological characteristics are not alone predictive of
studies alone. how genetic variation is apportioned within and among

Female turtles have sperm storage structures in thgopulations. Closely related turtle species may display sub-
oviducts (Gist and Jones, 1989), and captive females held gtantial variation in connectivity and structure that reflect
the absence of adult males have been known to produamportant differences in natural history among species. For
viable eggs for as long as 7 yrs (Ewing, 1943; Magnussomxample, Roman et al. (1999) found strong phylogenetic
1979). Molecular marker studies have revealed that freststructuring for the highly aquatic alligator snapping turtle
water turtles and tortoises in natural populations frequentlyMacrochelys temmincRiacross basins in a mtDNA control
use stored sperm to fertilize eggs (e.g., Gist and Congdoregion analysis, suggesting limited dispersal of turtles. In
1998; Pearse and Avise, 2001; Roques et al., 2004). IndeamhntrastChelydra serpentinkacked structure for allozyme
microsatellite DNA analyses have revealed that somand mtDNA, reflecting its greater tendency to disperse over
Chrysemys pictavill produce fully-fertile clutches of eggs land and long distances in water (Phillips et al., 1996). Each
in nature without re-mating for 3 yrs (Pearse et al., 2002%pecies is different. The most informed conservation deci-
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sions are formulated based on knowledge of fundamentéolecular methods are ideal for forensics because they can
aspects of a species’ biology derived from joint studies obe used on degraded or processed specimens, and can
genetic structure and natural history. elucidate species, and even regional or population origins
Estimating the size of a population from mark-recapturgdRandi, 2003). Where commercial industries are estab-
analyses can be difficult and time-consuming, particularhjlished, genetic techniques may be the only means by which
for species that are difficult to capture or at low populatiorproducts derived from legal trade can be reliably distin-
densities. Obtaining genetic samples can be easier becaugéshed from poaching activities. Further, genetic methods
individuals do not need to be subsequently re-caught thave the resolution to ‘tag’ individuals and establish pater-
obtain data for estimating population size. nities or maternities, technologies that are particularly useful
Molecular data can be used to estimate the effectiveor monitoring activities of licensed reptile breeders. The
population size, which is the size of the population that ispplication of molecular techniques for wildlife forensics is
actually reproducing, a parameter that may be more meastill in its infancy. Approaches tend to be handled on a case-
ingful for conservation than the census size. The effectivby-case basis and standard protocols have not been adopted.
population size (Ne) can be monitored by assessing tempor@lrrently only a few studies have applied molecular tech-
changes of allele frequencies in the population (Richardsiques for forensic issues in freshwater turtles and tortoises.
and Leberg, 1995; Luikart et al., 1999). Genetic techniques Legitimacy of turtle meat trade in Florida and Louisiana
can also provide point estimates of the number of breedingere investigated by Roman and Bowen (2000). Species
individuals in a population (Nb) from paternity (or mater- composition was determined from 36 turtle meat products
nity) microsatellite data. Pearse et al. (2001) developed purported only to contaMacrochelysThe majority did not
technique for estimating current reproductive size of aontain Macrochelys,but were predominantlhelydra
population of Chrysemys pictaand provided additional serpentinaas revealed by analyses of the control region and
information, such as the movement of breeding individualsgytochromeb genes of mtDNA (394bp and 256bp respec-
which was not possible based on capture-mark-recaptutizely). This shift in trade to a species that is 50 kg lighter in
studies alone. weight and less favored for its flavor is speculated to reflect
depletions ofMacrochelyspopulations. With more catch
Forensics effort required by harvesters to meet demand from these
depleted populations, the market shifted to the more readily
Trade in turtles has increased dramatically and is coravailableChelydra In addition, softshell turtlesApalone
sidered to be the greatest threat to their survival (Asiaepp.) were present in a small proportion of the products.
Turtle Working Group, 1999; van Dijk et al., 2000). Turtle Impacts of this trade have not been investigated for any of
and tortoise trade can be classified into three main categthese species, although current harvest rates may not be
ries: trade for human consumption, pet shop trade, anslistainable. Further research onthe effects of harvesting and
traditional medicines (van Dijk et al., 2000; Turtle Conser-continued genetic monitoring of processed trade goods is
vation Fund, 2002). Consumption of turtles is by far theeecommended to prevent overexploitation or to minimize its
largest scale trade, and larger, more mature individuals terichpact in these species.
to be targeted. Due to their life-history characteristics (great  Molecular methodologies have analyzed species com-
longevity, high juvenile mortality, and late onset of matu-position in cooked meat, eggs (Moore et al., 2003), and
rity), this type of trade probably has the greatest negativeowdered turtle shell (Lo et al., 2006). Preparations of turtle
impact on chelonian populations (Smith, 1993; van Dijk eshellinthe Taiwanese market were analyzed with mitochon-
al., 2000). Exploitation of chelonians for the pet shop tradérial 12s ribosomal RNA and cytochrohsequences (Lo
favors juveniles of unusual species and, as commoditgt al., 2006). Reassuringly, CITES (Convention on Interna-
values are often driven by rarity, this can rapidly contributdional Trade of Endangered Species of Wild Fauna and
to the extinction of rare and endangered species (Ceball&$ora) listed species were not present in these turtle shell and
and Fitzgerald, 2004; Gamble and Simons, 2004; Cheurjglly preparations. Also in Taiwan, methods have been
and Dudgeon, 2006; Gong et al., 2006; Stuart et al., 2006)eveloped for determining the presence of a CITES-listed
Finally, large numbers of turtles are frequently harveste@ndangered turtleK@chuga tectpin shell preparations
primarily for their shells, which are ground to a powder or(Hsieh et al., 2006).
jelly, and sold for its alleged positive effects on longevity Identifying geographic origins or provenance of sei-
and virility in humans (van Dijk et al., 2000; Hsieh et al.,zures is required to repatriate animals to their wild popula-
2006; Lo et al., 2006). tions without disrupting existing genetic structure or elevat-
DNA-based forensic methods can be used to monitoing risks of outbreeding depression. Molecular techniques
illegal trade by verifying taxonomy and providing informa- can also be used for assessing origins of individuals. In the
tion on geographic origin of seizures. Traditionally, mor-case of the Indian star tortoiségochelone elegajsthe
phological characteristics were used for species identificasrigins of 92 individuals seized from the Singapore airport
tion. However, often seizures include small fragments ofvere determined using mtDNA (control region, cytochrome
eggshells, carapace, cooked meat, or powdered turtle shdd), and six microsatellites (Gaur et al., 2006). The rescued
where standard diagnostic features are no longer discerniblgroup of tortoises was found to be a mix of individuals from
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different populations in southern India and possibly Sricontent, and range of applications for chelonian conserva-
Lanka. Exact localities for many of the individuals could nottion will greatly increase. For example, new genomic ap-
be identified because sampling was limited and not alproaches offer exciting possibilities to investigate whether
diversity has been characterized across the rangg. of variation within specific gene regions can be tied to pheno-
elegans With more extensive sampling, these methodolotypic or other traits that are tied to probabilities of survival
gies will be able to identify source populations of seizedr reproductive success. Emerging technologies hold great
chelonians, enabling them to be returned to their origingbromise to link increasingly assessable modern technology
geographic location(s). Overall, these studies highlight théo fundamental problems in turtle biology and conservation.
power of molecular methods to monitor trade directly fromOther technological advancements will enhance efficiency
a range of trade products for species identification andf DNA fingerprinting technologies and enable high through-
provenance delineation. put analyses, such as SNRBs@le nucleotide polymor-

The utility of genetics in forensics is hindered by thephisms) and microarrays (reviewed in McGaugh et al.,
limited markers available for chelonians. With more mark-2007).
ers becoming available from genome sequencing projects, We conclude by listing what we perceive to be three
such as that proposed f@hrysemys pictgsee http:// crucial future directions in turtle conservation genetics:
www.reptilegenome.com for more information), genetics 1. Reconciling taxonomic uncertainties and identifica-
will play an ever-increasing role. New technologies, such ason of genetic discontinuities at landscape and species
single nucleotide polymorphisms (SNP) markers will endevels to delineate management units.
able analyses of samples from more highly degraded samples, 2. Predicting effects of landscape-level changes and
morerapidly and with greater resolution for addressing foreneoncomitant changes in population demography and move-
sicissues. Advances in genetic technologies and marker devetent patterns on apportionment of genetic diversity within
opment will pave the way for development of DNA registersand among populations.
for routine monitoring of trade activities. Such inventoriesare 3. Monitoring trade and directing enforcement to pro-
urgently required if we are to assess the threats dfct overexploited turtle populations.

overexploitation to turtles and tortoises worldwide. Each issue is a global concern that potentially influ-
ences every turtle species. While substantial progress has
Concluding Remarks been made, the geographic and taxonomic coverage has

been uneven and not necessarily focused on species of
We have discussed important genetic issues that consgreatest concern (reviewed in FitzSimmons and Hart, 2007).
vation biologists should consider when planning and execufFurtle geneticists should work closely with biologists, man-
ing projects involving turtles. We have highlighted theagers, local communities, and conservation organizations to
importance of genetic diversity for future adaptive evolutionbring state-of-the-art technology and methods of statistical
and we outlined processes by which diversity is lost. Anthroinference to bear on pressing issues in turtle conservation.
pogenic effects can exacerbate loss of genetic diversity
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lecular Phylogenetics and Evolution 32:164-182. Chicago.

Srorz, J.F. 2005. Using genome scans of DNA polymorphism to infer
adaptive population divergence. Molecular Ecology 14:671-688. GLOSSARY

StuarT, B.L., AND ParHaM, J.F. 2004. Molecular phylogeny of the
critically endangered Indochinese box tuGe¢ra galbinifrony.  Additive Genetic Variance- Genetic variance that arises from the

Molecular Phylogenetics and Evolution 31:164-177. additive effects of genes on the phenotype.
SruarT, B.L., RiopiN, A.G.J., GusmeR, L.L., anD Hanset, T. 2006.  Allele. — Alternative forms of a gene at a given locus on a chromo-
Scientific description can imperil species. Science 312:1137. some.

Svep, G.P., Ga, H., BuHimann, KA., anp ForsTner M. 2007.  Allele Frequency— Also termed gene frequency. The proportion of
Genetic considerations for captive breeding and translocation of an allele (or gene) in a population relative to other alleles (or genes)
freshwater turtles and tortoises for conservation. Chelonian Re- at its locus.

search Monographs No. 4, pp. 157-167. Allelic Richness- The number of alleles in a population corrected for

Tavior, P.D., RHRIG, L., Henen, K., anD MerriAM, G. 1993. sample size. Used as a measure of genetic diversity.
Connectivity is a vital element of landscape structure. Oikosllozymes— Forms of an enzyme that differ in amino acids and have
68:571-573. different electrophoretic mobilities.

TempLeTON, A.R. 2001. Using phylogeographic analyses of gene trees tghromosome-— A strand of DNA with associated proteins that is
test species status and processes. Molecular Ecology 10:779-791.  visible as a rod-shaped structure in cells that have been stained

TempLeTON, A.R.,AND ReAD, B. 1996. Inbreeding: one word, several  during cell division. Chromosomes contain the heritable genetic
meanings, much confusion. Biological Conservation 75:311. information within the DNA.

TurTLE ConservaTIONFUND. 2002. A Global Action Plan for Conser- Deleterious Recessive AllelesThe phenotypic effects of recessive
vation of Tortoises and Freshwater Turtles. Strategy and Funding alleles are masked in the phenotype of heterozygotes, and ex-
Prospectus 2002-2007. Washington, DC: Conservation Interna- pressed in homozygotes. Deleterious alleles have negative fitness

tional and Chelonian Research Foundation, 30 pp. effects on individuals.
TurTLE TAxonomy WORKING GRoup [BickHam, J.W., RrHam, J.F.,  Effective Population Size- The average number of breeding indi-
Priuppen, H.D., Riobin, A.G.J., SiaFreR, H.B., Sinks, P.Q. AND viduals in a population which are assumed to contribute equally to

van Duk, P.P.] 2007a. Turtle taxonomy; methodology, recom- the next generation.
mendations, and guidelines. Chelonian Research Monographs Nepistasis— The interaction between two nonallelic genes, such that

4, pp. 73-84. one gene alters the expression of the other at a different locus.
TurTLE TAaxonomy WORKING Grour [BickHam, J.W., Verson J.B.,  Evolutionarily Significant Unit— A population (or group of popu-
ParHam, J.F., Riuepen, H.D., Riopin, A.G.J., BaFFer, H.B., lations) reproductively isolated from other conspecific popula-

Spinks, P.Q.,aND van Duk, P.P.] 2007b. An annotated list of  tion units for long enough duration to display genetic isolation,
modern turtle terminal taxa, with comments on areas of taxonomic and is an important component in the evolutionary legacy of the
instability and recent change. Chelonian Research Monographs species.
No. 4, pp. 173-199. Fitness— The ability of an individual to produce offspring in a given
VaLenzuera, N. 2000. Multiple paternity in side-neck turtles  environment. In a genetic sense, the relative reproductive success
Podocnemis expansavidence from microsatellite DNA data.  of a genotype.
Molecular Ecology 9:99-105. Founder Effects- The loss of genetic diversity when a new colony
van Dk, P.P. 2000. The status of turtles in Asia. In: van Dijk, P.P., is formed by a very small number of individuals from a larger
Stuart, B.L., and Rhodin, A.G.J. (Eds.). Asian Turtle Trade: population; a form of genetic drift.
Proceedings of a Workshop on Conservation and Trade of FrestBene — A basic unit of inheritance transmitted through the gametes
water Turtles and Tortoises in Asia. Chelonian Research Mono- from generation to generation, occupying a specific locus on a
graphs 2:15-23. chromosome and with a specific function.
VAN Dk, P.P., SuarT, B.L.,, AND R+oDIN, A.G.J. 2000. Asian Turtle  Gene Poal- All the genes available among reproductive members
Trade: Proceedings of a Workshop on Conservation and Trade of of a population at a given point in time.
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Genetic Drift — Changes in allele frequencies of populations due to period of time, such as the changes in the gene pool of a
random sampling effects because not all individuals (and their population.
genes) will reproductively contribute to the next generation.  Microsatellites — Tandem repeat motifs of DNA sequence inter-
Gene Flow— Movement of genes from one population to another by spersed throughout the eukaryotic genome in which the repeat unit

interbreeding or migration. is typically five or fewer bases in length.
Genotype/genotypie- The genetic constitution or expression of anMolecular marker— A genetic polymorphism with multiple alleles
individual. and a simple mode of inheritance. Useful in pedigree studies,

Genome— The entire complement of genetic material in a cell. In disease studies, studies of the distribution of genes in populations
eukaryotes this refers to the genetic material in a single set of and linkage mapping.

chromosomes. Mutation — A change in a gene or chromosome.
Genotypic Frequency The proportion of a genotype in the popula- Microarrays — A technique used to monitor gene expression in which
tion relative to all other genotypes. genes or gene fragments are deposited typically on a glass, filter,

Heritability. — The proportion of phenotypic variability for a given  or silicon wafer in a predetermined spatial order allowing them to
trait that is quantitatively genetically based; expressed as the ratio be made available as probes.
of phenotypic variance to genetic variance. Migration. — Movement of an individual or group from one location
Heterosis— Superiority or vigor of hybrid individuals compared to  to another.
either parental stock. mtDNA — Mitochondrial DNA: The circular, double-stranded DNA
Heterozygote— A diploid individual with different alleles at a of the mitochondria. It typically has matrilineal inheritance, al-
particular locus. though paternal leakage has been documented for some taxa.
Holotype — The single specimen designated or indicated as the namigtonophyletic Group— A group comprised of a single ancestral
bearing type of a nominal species or subspecies by the original species and all its descendants. Also called a clade.

author. Natural Selection— A primary mechanism for evolution in which
Homozygote— A diploid individual with identical alleles at a individuals best suited to their environment have greater survival
particular locus. and reproductive success, thereby transmitting their genetic char-

Hybridization — Crossbreeding of individuals of different genetic  acteristics to succeeding generations.
composition, typically belonging to different species or varieties tdNeutral Genetic Markers- Genetic markers presumably not under
produce hybrid offspring. the forces of natural selection and often residing in non-coding

Inbreeding — Mating of related individuals. genomic regions.

Inbreeding Coefficient- The probability that an individual contains Outbreeding— The breeding of genetically unrelated or distantly
copies of the same ancestral gene from both its parents becauseelated individuals.

they are related. Outbreeding Depression A reduction in the fitness of progeny from
Inbreeding Depressior Reduction of fitness by increased homozy- matings of individuals from different populations, possibly from

gosity as a result of inbred matings. the breakdown of co-adapted gene complexes or ‘swamping’ of
Introgression— The spread of genes from one species to another via locally adaptive genes.

hybridization and backcrossing. Panmictic — Pertaining to a genetically unstructured randomly
Locus/loci — The specific region on a chromosome where a gene is mating population.

located. Phenotype/phenotypie The observed properties of an organism,

Management Units- Demographically independent sets of popula-  resulting from the interaction of its genotype with the environ-
tions identified to aid short-term conservation management. Ge- ment.
netically divergent but not to the extent as observed in evolutionPhenotypic Plasticity— The ability of an organism’s phenotype to
arily significant units. change in response to changes in the environment.

Meiotic Drive — Preferential production of certain gametes duringPopulation Bottleneck- An evolutionary event resulting in a de-
meiosis (germ cell production). This alters the expected Mendelian crease in the size of a population and subsequent loss of genetic
segregation ratios in heterozygotes. diversity via the effects of genetic drift.

Mendelian Segregatior Mendel'’s first law. The principle that the Quantitative Genetics- The study of the genetic basis of traits
two different alleles of a gene pair segregate from each other during showing continuous variation.
meiosis; each resultant gamete has an equal probability of obtaifingle Nucleotide PolymorphissVariations in DNA sequence that
ing either allele. occur when a single nucleotide base (adenine, guanine, cytosine,

Metapopulation— A group of spatially separated populations from  or thymine) is altered via a mutation event.
the same species connected by immigration and emigration.  Vicariance — The splitting of closely related groups of taxa or biota

Microevolution — Evolutionary events occurring over a shorter by the formation of a natural barrier.
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AssTRACT. — Molecular markers have proven to be a powerful tool for research on turtles. In
particular, the application of the polymerase chain reaction (PCR) has increased the availability of
molecular technologies while decreasing the cost. However, the cost, time, and expertise associated
with developing and testing primers for a particular species can still present a significant barrier,
especially to researchers less experienced with molecular methods. In this paper we provide the
primer sequence, genomic location, and taxa for 202 PCR primers spanning the entire mitochondrial
genome. We also report primers for 11 nuclear coding genes and introns. Finally, we provide primer
sequence, amplicon size, and number of observed alleles for 181 microsatellite loci from all major
clades of living turtles. We hope that this nearly comprehensive compilation of freshwater turtle and
tortoise PCR primers can reduce some of the initial difficulties for beginning turtle geneticists and
further facilitate research in existing labs.

Key Worbps. — Reptilia; Testudines; turtle; PCR; primer; mtDNA,; nuclear DNA; microsatellite; STR

The power and utility of genetic tools for the study ofclades in which the primers have been successfully ap-
turtle biology and conservation is evidenced by the exterplied. For the mitochondrial primers (Table 1), we in-
sive and rapidly growing literature on the past, present, anclude the orientation and 5’ primer position relative to
future use of such molecular tools reviewed in this volumethe publishedChrysemys pictanitochondrial genome
The increasing availability and decreasing cost of moleculaiMindell et al., 1999) along with a genomic map (Fig.
technologies, specifically the polymerase chain reactiodA-E) to compare primer coverage and provide esti-
(PCR), is making genetic analysis more accessible to renates of predicted product size of different primer com-
searchers. However, the cost, time, and expertise associatédations. Due to space limitations not all primers are
with developing and testing primers for a particular speciedepicted in the figure. We encourage readers to consult
can still present a significant barrier, especially to researchihe figure to find primers in the region of interest and
ers inexperienced with molecular methods. In this paper wihen reference the tables for a more complete listing of
hope to reduce some of the initial difficulties or frustrationavailable primers in that region and taxa in which those
for turtle biologists by providing a thorough compilation of have been used. Our summary of primers focuses on
published (and some unpublished) information on PCRreshwater turtles and tortoises, and largely excludes the
primers developed specifically for turtle studies. extensive literature on marine turtles. However, because

We have organized our discussion of molecularf the demonstrated inter-species cross-amplification of
markers into three categories: (1) mitochondrial DNA,many microsatellite loci, we have also included a non-
(2) nuclear loci (including both protein-coding genes ancexhaustive list of marine turtle primers. Also for the
introns), and (3) microsatellite loci (Simple Tandemmicrosatellite markers, we have included an indication
Repeats). For each marker type we provide a brief desf the expected size and level of variation of the ampli-
scription of its strengths and limitations, and the kind offied product in the target species and a list of non-target
study for which it may be most appropriate. In Tables Ispecies in which the locus has been tested and failed to
and 2 we list each primer’s region (gene or locus), namamplify.

(or names), primer sequence, original reference, and a A paper of this nature (reporting a set of available
selective (non-exhaustive) list of citations for studiesprimers) will already be out of date on the day itis published.
that have used that primer. Because some primers haiéis is unavoidable in a hard copy publication, but can be
been used on multiple taxa, we have also included a listvoided by establishment of an open access database for
of species (when possible) or a summary of the majoturtle researchers to report their primers as they are devel-
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oped, provided of course that researchers are willing to poshces in male and female behavior (FitzSimmons et al.,
their new primers or the application of existing primers t01997), for example, may often require nuclear data to test
new species on the database. We have established sucmNA-based hypotheses. Thus, while mtDNA has pro-
database in a companion website for this publication, whickided and will continue to provide an invaluable tool, it
can be accessed at http://www.csuchico.edu/biol/personnéd also important to identify independent markers that
engstrom/turtleprimers.htm. We hope that compiling thicomplement those in the mitochondrial genome.
information in a single reference will aid in the rapid diffu- The 202 turtle mtDNA primers listed in Table 1 have
sion of information on new, useful primers and new applicabeen used to amplify and sequence all regions of the turtle
tions of existing primers. We hope that this will facilitate mtDNA genome, including all 13 protein-coding genes, 22
research and accelerate progress toward understanding tRNAs, 2 rRNAs, and the control region/d-loop. The most
phylogeny and population genetics of turtles, by guidingrequently used genes in deep phylogenetic studies are the
researchers to molecular markers that will (1) be applicablslowly evolving 12s rRNA (e.g., Shaffer et al., 1997), and
their particular study animal, (2) harbor levels of variationmoderately evolving Cytochronie(Cytb) (e.g., Shaffer et
appropriate to their question, and (3) be comparable tal., 1997; Spinks et al., 2004). Cytb, NADH 4 (also com-
previous studies. However, to ensure that appropriate creditonly abbreviated ND4) and other protein coding genes
accrues to the researchers who have performed the hardve been most useful for studies among closely related
work of developing markers, we remind anyone using primspecies (e.g., Caccone etal., 1999a,b; Engstrom et al., 2002;
ers listed in this publication or the companion website to cité-eldman and Parham, 2002) or for phylogeographic studies
the primary references for those primers or to contact thoseithin species (e.g., Starkey et al., 2003; Spinks and Shaffer,
who developed previously unpublished primers for update@005). The control region is widely used in population and
citation information. We reiterate that publications by theintraspecific level studies because of its high rate of mutation
original developers of the molecular markers should béStewart and Baker, 1994; Starkey et al., 2003; Pearse et al.,
considered the primary references, NOT this summary re2006); however, some studies have noted equal or greater
port or its companion website. levels of variation in protein coding genes (Spinks and
Shaffer, 2005).
Mitochondrial DNA
Nuclear Loci
Mitochondrial DNA (mtDNA) sequence data have
been and continue to be particularly informative in both  Because of the recognized limitations of mtDNA, in-
in phylogeography and in systematics (Hillis et al., 1996)creased attention is being paid to the nuclear genome as an
The mitochondrial genome has a highly conserved genadditional, independent source of data for phylogenetic,
content and gene order (Boore, 1999, but see Parhammtylogeographic, and population genetic analyses (e.g.,
al., 2006a,b), lacks introns, lacks significant recombinaBruford and Wayne, 1993; Groth and Barrowclough, 1999;
tion (Avise, 1994, 2004; Moore, 1995; Sunnucks, 2000)Hare, 2001). The three sources of nuclear data most com-
and is present in multiple copies per cell, thus renderingionly used include size polymorphisms at microsatellite
the acquisition and analysis of mtDNA sequence dat#oci (discussed below), and sequence data from nuclear
relatively easy and straightforward compared with theprotein-coding genes and introns. In contrast to mtDNA,
more complex nuclear genome (see below). The overaliuclear protein-coding genes and introns tend to evolve
rate of nucleotide substitution in the mitochondrial ge-more slowly (Prychitko and Moore, 1997, 2000; Groth and
nome is relatively rapid (Brown et al., 1979), providing Barrowclough, 1999; Birks and Edwards, 2002; Caccone et
a rich source of variable characters. However, this oral., 2004; Engstrom et al., 2004, Fujita et al., 2004), making
ganelle also offers a mix of fast evolving genes, usefuthem less prone to excessive homoplasy—a common prob-
for studies of recently diverged lineages (e.g., withinem among mitochondrial genes over deeper divergences.
species, among closely related species), and slowlyNuclear introns have the further advantage of being free
evolving genes suitable for studies of more ancient difrom many of the evolutionary constraints imposed on
vergences (e.g., among genera or families [Graybeahrotein-coding sequences, resulting in little base composi-
1994]). Mitochondrial DNA has a small effective popu- tional bias, relatively low transition/transversion ratio, and
lation size relative to the nuclear genome, resulting in éittle among-site rate heterogeneity (Armstrong et al., 2001;
shorter average coalescent time (Moore, 1995), albeRrychitko and Moore, 2003; Fuijita et al., 2004). One disad-
with a high variance (Hudson and Turelli, 2003). Thisvantage of nuclear DNA is that the slow rate of evolution,
combination of attributes renders mtDNA useful for awhich minimizes homoplasy on long timescales, can also
wide variety of genetically based studies. However, as eeduce variation on shorter timescales (Birks and Edwards,
maternally-inherited, single locus, mtDNA provides a2002). This characteristic can limit its utility in
somewhat limited perspective on the evolutionary angbhylogeographic and population genetic studies of turtles
ecological history of a species. The demonstration ofSpinks and Shaffer, 2005).
hybridization (Parham et al., 2001; Stuart and Parham, Because they canbe more difficultto develop compared
2007; Spinks et al., unpubl. data) and potential differwith mtDNA loci, relatively fewer primers have been de-
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Figure 1. The five panels depict map of 5’ position and orientation of turtle primers listed within Table 1 relative to the sense
strand (L) and loci of th€hrysemys pictanitochondrial genome (GenBank accession AF069423).

scribed for nuclear protein coding genes and introns. lerozygotes is a useful tool in the identification of interspe-
Table 2 we list primers for 6 introns and 3 protein-codingcific hybrids (Stuart and Parham, 2007; Spinks, unpubl.
genes. Intron sequence has shown great utility in interspeata). Another less-explored source of nuclear gene data is
cific phylogenetics (Engstrom et al., 2004; Fujita et al.the rapidly growing field of developmental genetics. Many
2004), but due to their lack of functional constraint they camgenes have been cloned from complementary DNA (cDNA)
be difficult to align across deep phylogenies (Fujita et al.libraries constructed for studies of sex determination (e.g.,
2004; but see Loytynoja and Goldman, 2005) ProteinValenzuela et al., 2006), morphological development and
coding genes have proven useful in interspecific phyloggene expression (Chien et al., 2005, 2006) and chromosome
enies at many levels (Georges et al., 1998), and will bevolution (Kuraku et al., 2005, 2006; Matsuda et al., 2005).
crucial in testing the location of the root of the turtle treeComplimentary DNA is synthesized using the enzyeie
(Krenz et al., 2005; Near et al., 2005) and in understandingerse transcriptas® make DNA copies of all of the mature
the placement of turtles relative to other amniotes (HedgeaRNA transcribed in a tissue sample. Although primers for
and Poling, 1999). Because nuclear introns and proteidetection of genes identified in these cDNA libraries have
coding genes are bi-parentally inherited, detection of heteen published, we have decided not to include this exten-
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Table 1.Primers currently available for amplification of mitochondrial loci of tortoise and freshwater turtles. Each primer i listesl,b

strand orientation (O*) (H = heavy, L = light), and 5’ position relative t@gysemys pictaitochondrial genome (GenBank accession
AF069423) except in cases where the primer does not aligemitlsemysin which case the primer is aligned either with mitochondrial
genomes obogania subplangNC002780) and indicated with a “D” Belomedusa subruf@dF039066) and indicated with a “P”. No
location is given for several primers designed for amplification of the control region in kinosternid turtles, which dtigh meelblvith

other turtle genomes. Groups of taxa successfully amplified and associated references are listed in the final columnfo@uattant
forunpublished primer sequences: TNE (tengstrom@csuchico.edu), NNF (Nancy.FitzSimmons@canberra.edu.au), MRJIF (mf@txstate.edu).
Key to taxa: CR = Suborder Cryptodira, Chely = Family Chelydridae, TE = Superfamily Testudinoidea, Test = Family Testadmidae,

= Family Geoemydidae, Emy = Family Emydidae, TR = Superfamily Trionychoidea, Car = Family Carettochelyidae, Trio = Family
Trionychidae, K = Superfamily Kinosternoidea, Derma = Family Dermatemydidae, Kino = Family Kinosternidae, Platy = Family
Platysternidae, C = Superfamily Chelonioidea, Chelo = Family Cheloniidae, Dermo = Family Dermochelyidae, PL = Subordea,Pleurodi
Cheli = Family Chelidae, P = Superfamily Pelomedusoidea, Pelo = Family Pelomedusidae, Podo = Family Podocnemididae.

Primer Primer Orig.

Locaton O* Pos.+ Name Primer Sequence (5-3) Ref. Taxa References Citing Primer

tRNA-Phe L 19 L1 AAAGCACGGCACTGAAGATGC 135 Geo

tRNA-Phe  H 28 KNPH 35R GCCGTGCTTTGATATAAGCT 148 Kino

tRNA-Phe  H 50 GT12STR ATCTTGGCAACTTCAGTGCC 28 Test 23,27

tRNA-Phe H 50 Phe-H26 TACCCATCTTGGCAACTTCAGTGCC 119 Test

12STRNA  H 78 DL3Rev AATATTTGAGTTGTCGTGGG 15 Test

12STRNA  H 128 12S-57R GATACTTGCATGTGTAAGTTT 148 Kino

12STRNA  H 143 H10 TTCACTGGTTATGCAGATACTT 135 Geo

12STRNA L 497 N/12SA AAACTGGGATTAGATACCCCACTAT 120 TE 150, 154

12SIRNA L 491 L1091 AAAAAGCTTCAAACTGGGATTAGATACCCCACTAT 82 Geo, Test, Cheli 4,25,27,74,75, 90, 98,
118, 147, 163, 164, 172

12STRNA L 501 LGL 284 TGGGATTAGATACCCCACTAT 33 Test 114

12SIRNA L 508 12SXLF GATTAGATACCCCACTATGCTTAG 153 Geo

12STRNA  H 582 TCR2 GCTCGTAGTTCTCTGGCGG 113 Podo 151

12STRNA L 626 O CCTAGAGGAGCCTGTTC 150 TNE

12STRNA  H 939 P/12SB GAGGGTGACGGGCGGTGTGT 120 TE 150, 154

12STRNA  H 947 H1478 TGACTGCAGAGGGTGACGGGCGGTGTGT 82 Geo, Test, Cheli 4,25,27,74,75,118,
147, 163, 164, 172

12SfRNA L 1058 L2 AAAGCATTCAGCTTACACCTGA 135 Geo

16SfRNA H 1255 H1 TTTCATCTTTCCTTGCGGTAC 135 Geo

16SrRNA L 1639 L2606 GGCCTAAAAGCAGCCACCTGTAAAGACAGCGT 70 Geo 74,75

16STRNA L 1954 LGL 381 ACCCCGCCTGTTTACCAAAAACAT 16 Emy

16SrRNA L 1958 16Sar/AR CGCCTGTTTATCAAAAACAT 120 Test 27,28,118

16SrRNA L 2002 MB89 (L) AGGAGTGATGCCTGCCCAGTGAC 63 PL

16SIRNA  H 2073 LGL 283 TGATTATGCTACCTTTGCACRGT 33 Test 114

16SIRNA L 2124 L3 GTCTCTTACAAATAATCAGTGA 135 Geo

16SIRNA H 2207 H2 AAGTTCCACAGGGTCTTCTCG 135 Geo

16STRNA  H 2485 M90 (H) CCTTAATAGCGGCTGCACCATTAGGA 63 PL

16SrRNA H 2560 16Shr/BR CCGGTCTGAACTCAGATCACGT 120 Test 27, 28,90, 118

16SrRNA  H 2562 H3056 CTCCGGTCTGAACTCAGATCACGTAGG 70 Geo 74,75

16SfRNA  H 2589 LGL 286 AGATAGAAACCGACCTGGAT 16 Emy

ND1 L P2457 Podmt2 TTGCTGTAGAATCTGACATCC 151 Podo

ND1 H P3549 Turd-loop R GGAAGTGTATATGAAACCTGGGT 174 Pelo

ND1 L 2899 NDIF GGMTAYATACAACTTCGAAAAGG 153 Geo

ND1 L 3169 L11 TCCGGTTGAGCTTCAAACTC 135 Geo

ND1 H 3340 H3 ACTATTCCTGCTCAGGCTCCG 135 Geo

ND1 H 3829 NDIR GG AGCCTCTATTATTCACCC 153 Geo

tRNA-Met L 3928 LGL 562 TAAGCTATCGGGCCCATACC 114 Test

ND2 L 4374 L4 ACCTGACAAAAACTAGCCCCA 135 Geo

ND2 H 4506 H1l GTAGTTGGGTTTGGTTTAGTCC 135 Geo

ND2 L 4842 1613-ND2 CTAAGCCTATTCTTCTA 149 Emy

ND2 L 4923 CS2 GGACGCCATAACACAAT 167 Chely

ND2 H 5084 ND2R GAGGTTCTATCTCTTGTTTGGGGC 153 Geo

tRNA-Tyr L 5379 L-turtCOI ACTCAGCCATCTTACCTGTGATT 157 Geo 24,126, 153

tRNA-Tyr L 5396 L-turtCOlc TACCTGTGATTTTAACCCGTTGAT 157 Geo 24,126, 153

Ccol L 5420 L5 THTTCTCYACTAACCATAAAG 135 Geo

Ccol L 5424 LCO-1490 GGTCAACAATCATAAAGATATTGG 51 Geo 45,125

Ccol H 5436 912-COl GTGGTTGGTTGAGAATAATCA 149 Emy

Ccol H 5486 H4 ACTATTCCTGCTCAGGCTCCG 135 Geo

Ccol H 5839 H-COlint TAGTTAGGTCTACAGAGGCGC 157 Geo 24,126

col L 5956 L-COlint TGATCAGTACTTATCACAGCCG 157 Geo 24,126

Ccol L 6106 M72(L) TGATTCTTCGGTCACCCAGAAGTGTA 63 PL

Ccol H 6128 LGL 452 ACTTCAGGGTGCCCAAAGAATCA 114 Test

Ccol H 6131 HCO-2193 TAAACTTCAGGGTGACCAAAAAATCA 51 Geo 45,125

Ccol H 6265 H-turtCOI CCCATACGATGAAGCCTAAGAA 157 Geo 24,126

Ccol H 6272 H-turtCOIc TGGTGGGCTCATACAATAAAGC 157 Geo 24,126

Ccol H 6326 H-turtCOIb GTTGCAGATGTAAAATAGGCTCG 157 Geo 24,126

Col L 6337 L12 CTCATCCCCAACAGGAGTAAAA 135 Geo

Ccol H 6551 M73(H) CCTATTGATAGGACGTAGTGGAAGTG 63 PL

Ccol H 6579 H5 AAATCYTGCTATGATGGCGAA 135 Geo

coll L 7594 L6 AAACAGACGCARTCCCAGGCAC 135 Geo

coll H 7795 H12 GTCATCCTGTTTAGCTTCTCTAG 135 Geo

ATPase8 L 8659 L13 GCCTCTACCTACAAGAAAC 135 Geo

ATPase6 H 8766 H6 GTTATTAGTAGTTGCTGCTGTGC 135 Geo

coll L 9038 DW 2000 ACAGGCGTAATCCTACTAA 168 Trio

coll L 9209 TCox3 551F CTACAAGCCATAGAGTATTACGAAGC TNE Trio, Geo

coll L 9379 TCox3 716F CTTTGGGTTTGAAGCAGCTGC TNE Trio, Geo

coll L 9386 L10647 TTYGAAGCMGCMGCMTGATACTG 106 Emy 107

tRNAGly L 9481 NewGly ATAAGTACAATGMYTTCCA 5 Test 20
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tRNA-Gly L 9482 Raeu GlyF CCAATACAAATGACTTCCAATC TNE Trio

tRNA-Gly L 9483 TGlyF1 TAGTAYAARTGACTTCCAATCA TNE Trio, Geo

tRNA-Gly L 9485 L7 AGTACAAATGACTTCCAATCA 135 Geo

tRNA-Gly L 9492 TGlyF2 TGACTTCCAATCAYTMAGTTT TNE Trio, Geo

NADH3 H 9717 H13 GAAGAATCGAATTGAGAATGG 135 Geo

NADH3 H 9884 H11100 TCTGCYCAYTCTARKCCTCCYTG 106 Emy 107

tRNA-Arg L D9924 ArgFl GATTGATAAAACATGGTTACCC TNE Trio

tRNA-Arg L 9929 ArgF2 TAAAACATGGTTACCCTATGACACC TNE Trio

NADH4 H D10286 Raeu ND4-42R GTATCATATGTGTGTTGGTTTGG TNE Trio

NADH4 H 10239 ND4 43R GGTTTAGG GTAGGTGGCTTG TNE Geo

NADH4 H 10483 T_ND4 288R TAGGATTATTAGTGGAGTAAGTCAGC TNE Trio, Geo

NADH4 L 10508 L15 GAACCCCTATCACGAAAACG 135 Geo

NADH4 H 10677 H7 TTTGATTWCCTCATCGTGTGTG 135 Geo

NADH4 L 10886 ND4 CACCTATGACTACCAAAAGCTCATGTAGAAGC 5 Emy, Geo, Test 20, 41, 45, 46

NADH4 L 10892 ND4/ND4_672(f) TGACTACCAAAAGCTCATGTACAAGC 43  Emy, Trio 42,44,152

NADH4 L 10910 L-ND4 GTAGAAGCCCCAATCGCAG 157 Geo 24,126, 153

NADH4 L 10918 L-ND4c CCAATCGCAGGATCAATAATC 157 Geo 24,126

NADH4 H 10921 Nap2 TGGAGCTTCTACGTGRGCTTT 5 Test 20

NADH4 L 11000 Turtl GATCCTCTATCAAAAACACT MRJF

NADH4 L 11079 ND4#2 TACGACAAACAGACCTAAAATC 5 Test 96

NADH4 H 11389 H-ND4int GGTTAGCTCTCCTATTAGGTTGAT 157 Geo 24,126

NADH4 L 11534 L-ND4int ACCCATACACGAGAACATCTACT 157 Geo 24,126

tRNA-His H 11674 Hist-ND4 CCTA AGAGCCACAGTCTAATG 43 Trio 42

tRNA-His H 11675 Hist CCTATTTTTAGAGCCACAGTCTAATG 44 Trio

tRNA-Leu L 11772 L8 AGGATAGAAGTAATCCAATGG 135 Geo

tRNA-Leu L 11775 LGL763 AATAGTTTATCCRTTGGTCTTAGG 34 Test 114

tRNA-Leu H 11821 H-Leu2 ATTTGCACCAAGGGTTAATGG 157 Geo 24,126

tRNA-Leu H 11836 H-Leu ATTAC ACTTGGATTTGCACCA 157 Geo 24,126, 153

tRNA-Leu H 11837 Leu CATTAC ACTTGGATTTGCACCA 5 Geo, Test 20, 45, 46, 96, 125

NADH5 L P11901 Podmt3 TCACAGACATAACCATAAGCAC 151 Podo

NADH5 H 11956 H15 GCTG ACGGCTG G 135 Geo

NADH5 L 12454 ND5_619F* ACCACGTTTAGGTTCA CATTAC 45 Emy *Leu"in 45

NADH5 L 12812 L16 CATACACGCCTTCTTTAAAGC 135 Geo

NADH5 H 12899 H8 TATCTTTCGAATTGCTTGTTC 135 Geo

NADH5 H 13488 ALD-DLBRev ACGATGTGCAGTGGGAGTGGTTG 119 Test

NADH5 H 13590 ND5_1755R AGATTAAGGAGATTCGGTGGAG TNE Trio

NADH6 L 14118 ND6 346F GAATAAGCAAAAACCACTAACATACCCCC 44 Trio

tRNA-Glu L 14349 L14724 CGAAGCTTGATATGAAAAACCATCGTTG 105 Emy, Test, Geo 4,76,87,88,104, 114

tRNA-Glu L 14358 GLU TGACATGAAAAAYCAYCGTTG 116 Test 25,118

tRNA-Glu L 14358 Gludg/GLUDGE/A/ TGACTTGAARAACCAYCGTTG 120 CR,PL 7-9, 27,28, 44, 45,
Forward 14724 89, 118, 150, 154

tRNA-Glu L 14368 CythG AACCATCGTTGTWATCAACTAC 154 Emy, Geo, Test 36, 77,90, 103, 153

tRNA-Glu L 14369 L9 AACCACCGTTCTATTCAACTA 135 Geo

tRNA-Glu L 14370 L14735t CCATCGTTGTAATCAACTAC 76 Geo

tRNA-Glu H 14381 LGL 764 TTACAACGATGGTTTTTCATRTCA 34 Test 114

Cytb L 14462 MT-a CTCCCAGCCCCATCCAACATCTCAGCATGATGAAAC 60 Test

Cytb 14462 mt-a-neu CTCCCAGCCCCATCCAACATCTCAGCATGATGAAACTTCG 56 Geo

Cytb L 14462 L14841 AAAAAGCTTCCATCCAACATCTCAGCATGATGAAA 82 Emy, Chely 1,78,138

Cytb L 14471 BICytb1 CCATCCAACATCTCAGCATGATGAAA 120 TE 1,94, 150

Cytb L 14473 Forward 14841 ATCCAACATCTCAGCATGATGAAA 8 Test 7,9

Cytb L 14476 mt-A CAACATCTCAGCATGATGAAACTTCG 93 Geo, Emy 1,13, 14,91, 92, 144

Cytb L 14478 Forward 14848 CATCTCAGCATGATGAAACTTCGGA 8 Test 7,9

Cytb H 14532 Reverse 14854 TGTAGGATTAAGCAGATGCCTAGT 8 Test 7,9

Cytb H 14513 H16 CTAATAGTGATCCGAAGTTTCAT 135 Geo

Cytb L 14581 C/14946 ACTAGCATTCTCATCAGTAG 150 Test 7-9

Cytb L 14612 D CGAGATGTTAATAACGGCTG 150 TE

Cytb H 14635 Reverse 14957 AAGTCATCCGTATTGTACGTCTCG 8 Test 7,9

Cytb H 14641 Reverse 14966 TCGGATAAGTCACCCGTACTG 8 Test 7,9

Cytb L 14658 E GCGCCTCATTCTTCTTTATCT 150 TE

Cytb L 14678 Forward 15045 TGCATTTACCTCCAYATYGGCCG 8 Test 7,9

Cytb L 14678 “F'ICB94lt TGCATCTACCTTCACATYGGMCG 150 TE 44

Cytb H 14723 Reverse 15048 GGTAAGAGCCGTARTAAAGTC 8 Test 7,9

Cytb L 14792 mt-C TAYGTCCTACCATGAGGACAAATATCATTCTGAGG 170 Emy, Geo 11, 66,91, 171

Cytb L 14804 Primus TGAGGCCAAATATCCTTCTGAGGTGCAACCG 45 Emy

Cytb L 14805 mt-c2 GAGGACAAATATCATTCTGAGG 13 Geo

Cytb L 14804 G TGAGGACAAATATCATTCTGAGGGGCTGCAG 150 TE

Cytb H 14824 Reverse 15145 TCAGAATGATATTTGTCCCCATGGT 8 Test 7,9

Cytb H 14827 mt-B ACCTCAAAAGGATATTTGTCCTCA 14 Geo

Cytb H 14827 CB2-3/15149/'1"1 CCCTCAGAATGATATTTGTCCTCA 121 Emy, Test, 9,14, 27, 28, 44, 89,
Cyth2 Trio 94,150

Cytb H 14834 Primus-rev CGGTTGCACCTCAGAAGGATATTTGGCCTCA 45 Emy

Cytb H 14836 noname(l) AACTGCAGCCCCTCAGAATGATATTTGTCCTCA 138 Chey

Cytb H 14837 H15149 AAACTGCAGCCCCTCAGAATGATATTTGTCCTCA 82 Emy, Test 4,14,78,87,88

Cytb H 14837 H15149 TAACTGTAGCCCCTCAGAATGATATTTGTCCTCA 76 Geo

Cytb H 14843 mtB TTGTGATTACTGTAGCACCTCAAAATGATATTTGTCCTCA 170 Emy, Geo 14, 66,91, 171

Cytb H 14850 TestudRi3 AGTAGGTTGGTGATGACAGTGGC 13 Geo

Cytb H 14852 H15197 CCGATATAAGGGATTGCTGA 76 Geo

Cytb L 14912 CB534f GACAATGCAACCCTAACACG 44 Trio

Cytb L 14995 Rush TTCCTACATGAAACCGGATCAAACAACCCAAA 45 Emy

Cytb L 14996 H TTCCTWCACGAAACAGGNTCAAACAA 150 Test

Cytb L 15009 MT-c-emys CCGGATCAAACAAYCCAACAGG 60 Test

Cytb L 15011 TCR1/CythJSi GGATCAAACAACCCAACAGG 113 Emy, Geo, Test, 14, 36, 77, 103,

Podo 151, 154

Cytb H 15027 Rush-rev GTTGGGTTGTTTGATCCGGTTTCATGTAGAAA 45 Emy

Cytb H 15030 J CCTGTTGGGTTYTTTGAKCC 150 TE

Cytb H 15030 CythJsSr CCTGTTGGGTTGTTTGATCC 154 Emy, Geo, Test 36, 77, 103
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Cytb L 15050 mt-D AAAATCCCATTCCACCCCTACTACTCCACAAAAGA 170 Emy, Geo 66, 91, 154, 171

Cytb H 15066 CB649r GGGTGGAATGGGA GTC 44 Trio

Cytb L 15089 Mau-F CTAGGCCTCATCTTAATACT 56 Geo

CytB H 15149 Ri-neu GTGAAGTTGTCTGGGTCTCCTAG 56 Geo

Cytb L 15171 CB791f CACCMGCYAACCCACTATC 44 Trio

Cytb L 15206 mt-e AAACCAGAATGATACTTCCTATTTGC 13 Geo

Cytb H 15231 mtE GCAAATAGGAAGTATCATTCTGG 13 Geo, Test

Cytb H 15232 CB3-3/'K" GGCAAATAGGAARTATCATTC 121 Trio 150

Cytb L 15237 L-15601 CCATTCTACGCTCAATCCC 91 Emy 57-59, 91

Cytb L 15237 Podmtl CAATGCTGCGATCCATCC 151 Podo

Cytb H 15435 L TCTTCTACTGGTTGTCCTCCGATTCA 150 TE

Cytb L 15457 L14 AGCAGCCTCCATCCTTTTACTT 135 Geo

tRNA-Thr L 15557 CYTTOR/CytoR4 GCTTAACTAAAGCACCGGTCTTG 28 Test 15,23,91

tRNA-Thr L 15567 LGL 283 TACACTGGTCTTGTAAACC 87,91 Emy 89,91, 114

tRNA-Thr L 15569 Thr-L15569 CATTGGTCTTGTAAACCAAAGACTG 119 Test

tRNA-Thr  H 15569 H-15909/MT-f-na  AGGGTGGAGTCTTCAG GGTTTACAAGACCAATG 91 Emy, Geo, Test 56-60, 91, 144

tRNA-Thr  H 15585 THR-8 GGTTTACAAGACCAATGCTT 154 Emy, Geo, Test 36, 77,91, 103, 153

tRNA-Thr  H 15591 Tcytbthr TTCTTTGGTTTACAAGACC 44 Trio

tRNA-Thr  H 15593 H-15909 CAG GGTTTACAAGACCAATG 14 Geo

tRNA-Thr  H 15593 “M"/DW1594/THR TCATCTTCGGTTTACAAGAC 150 Emy, Geo, Test, 36, 45, 77,91, 103,
Trio 154, 168

tRNA-Thr L 15565 TCRThr AAAGCAYTGGTCTTGTAAACC TNE Chelo, Podo, Trio

tRNA-Thr L 15573 PounCRThr GGTCTTGTAAACCAAAAACTG TNE Podo

tRNA-Thr  H 15593 H9 CAATCTTTGGTTTACAAGACC 135 Geo

tRNA-Thr L 15605 noname(2) TCTTCCTAGAATAATCAAAAG 139 Chely 138

tRNA-Thr L 15609 CS1 CTAGAATAATCAAAAGAGAAGG 167 Chely

tRNA-Pro L 15624 myt001 GAGAAAGACTTAAACCTTC 164 Test

tRNA-Pro L 15629 ALD-DLAFor AGACTCAAACCCTCATCTCCGG 119 Test

tRNA-Pro  H Dw1 CCCTTTGATAAAAGATACGGATCTTACGGC 165 Kino 166

Control L 15863 Turd-loop F GGCTATGTACGTCGTGCATTCAT 174 Pelo

Control L 15876 DES-1 GCATTCATCTA CCGTTAGCA 155 Emy 152

Control L 15780 MSI1F CAAGGGTGGATCGGGCATAAC 54 Emy

Control H 15884 CR12H ATGAATGTACAATTATACATA 93 Emy, Geo 66, 91, 92, 164, 171

Control H 15884 CRI12H ATGAATGTACAATTATACAT 92 Emy

Control L 15902 H16464 CTTACTAACAAGGTTGCTAATT 105 Test 114

Control L P15949 Turd-loop F1 TCTTCAGGATACCTCTGGCTGTT 174 Pelo

Control L 16048 KNCR 271F ATCGTTATACATGGTTATCTATT 148 Kino

Control L 16088 EbF1 CGAGARATAAGCAACCCTTGT 2 Emydoidea

Control L 16163 L10 AACTGATTTATTCTGGCCTCT 135 Geo

Control L 16166 Ald-DL1IFR GATCTATTCTGGCCTCTGG 119 Test

Control H 16176 TCR500 CCCTGAAGAAAGAACCGAGGCC 44 Podo, Trio, Chelo

Control H 16188 MSIR GTGCCTGAAAAAACAACCACAGG 54 Emy

Control H 16194 myt003 GACAAAACAACCAAAGGCCAG 164 Test

Control H 16202 LGL 1115 ATGACCCTGAAGAAAGAACCAG 87 Emy, Chely 89, 104, 114, 138, 139, 164

Control H 16237 PounCR500 GAACCAGAGGCCTCTTAAAAAG TNE Podo

Control H 16269 DW2 GATTAATAGTCTAGAACTTACTGACCAAAGGC 165 Kino 166

Control L 16288 KNCR 562F GGTCTTACTTGCATATCGTAG 148 Kino

Control H 16294 Ald-DL2Rev TAAAAGCGCAATATGCCAGG 119 Test

Control H 16308 KNCR581R CTACGATATGCAAGTAAGACC 148 Kino

Control L 16332 ChelProF CCGGTCCCCAAAACCGGAAC 3 Kino 148

Control H 16374 H14 CAGTCTTCATTGAGTTGGCAG 135 Geo

Control H 16583 EbR1 ATTTAGGGGTTGYCGAGA 2 Emydoidea

Control H 16585 DES-2 GGATTTAGGGGTTTGACGAGAAT 155 Emy 152, 153

sive list of potentially very useful loci in this review becauseMicrosatellites are bi-parentally inherited (unless associated
these primers have not been tried on genomic DNA, andith a sex chromosome) and co-dominant, thereby allowing
cDNA cloning techniques are not as accessible to manlyoth alleles at a locus to be identified in heterozygotes.
molecular biologists. However, we strongly encourage readefdicrosatellites are generally considered selectively neutral
to consult the original references and explore the utility of thigbut see McGaugh et al., this volume) and their simple
rich source of phylogenetically informative genetic loci. Mendelian transmission makes them useful for assessing
genetic diversity. In freshwater turtles and tortoises,
microsatellites have been used in studies of population
genetics (e.g., Ciofi et al., 2002; Kuo and Janzen, 2004),
conservation genetics (e.g., Sites et al., 1999; Cunningham
Microsatellites have become popular genetic markerst al., 2002; Pearse et al., 2006), as well as paternity and
for determining population structure and revealing differenmating systems (e.g., Valenzuela, 2000; Roques et al., 2006;
tiation among populations and individuals (Bruford andPearse et al., in press). In addition, STRs are well-suited to
Wayne, 1993). Microsatellites, or simple tandem repeataddress future concerns in turtle biology such as inter-
(STRs), are non-coding repetitive DNA sequences comspecies hybridization (Roy et al., 1994, 1996; Williams et
posed of a variable number of tandemly repeating motifs. Oal., 2005) and forensic detection of wildlife poaching (e.g.,
average, STRs have mutation rates betwedad@®1@ per  Manel et al., 2002).
gamete per generation (Page and Holmes, 1998) and thus The process of finding microsatellite markers can un-
can provide the resolution to differentiate individuals andfortunately be very time-consuming and expensive. The
populations, even within small geographic areasmethods for locating STR loci have improved (Zane et al.,

Microsatellite
Simple Tandem Repeat (STR) Loci
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Table 2 Primers currently available for amplification of nuclear loci of tortoise and freshwater@ndlgss of taxa successfully amplified and associated
references are listed in the final columns (cited references listed below). Key to taxa: CR = Suborder Cryptodira, CyeGhelydridae, TE =
Superfamily Testudinoidea, Test=Family Testudinidae, Geo = Family Geoemydidae, Emy = Family Emydidae, TR = SuperfarhiydBé@ar

= Family Carettochelyidae, Trio = Family Trionychidae, K = Superfamily Kinosternoidea, Derma = Family Dermatemydidae, Iiitp = Fa
Kinosternidae, Platy = Family Platysternidae, C = Superfamily Chelonioidea, Chelo = Family Cheloniidae, Dermo = Familyl{héamdehe=
Suborder Pleurodira, Cheli = Family Chelidae, P = Superfamily Pelomedusoidea, Pelo = Family Pelomedusidae, Podo = Famiigli@aelocn

Target Locus Primer Name Length (bp)  Primer Sequence(5-3) Ref. Taxa References citing primer
Actin intron ACT I-5' 20 GCTG CCCGTCCATTGT 121 Test 26
Actin intron ACT II-3 24 GTCCTTCTGCCCCATACCSACCAG 121 Test 26
aldolase intron Ald1-5' 23 TGTGCCCAGTATAAGAAGGATGG 121 Test 26
aldolase intron Ald2-3' 29 CCCATCAGGGAGAATTTCAGGCTCCACAA 121 Test 26
Calmodulin intron call 23 GCCGAGCTGCARGAYATGATCAA 38  Test 26
Calmodulin intron cal2 26 GTGTCCTTCATTTTNCKTGCCATCAT 37 Test 26
€-mos oncogene G136 (F) 20 AAGCAGGTGAAGAAATGCAG 63 PL

C-mos oncogene G137 (R) 19 TCCAATCTTGCACACACCC 63 PL

€-mos oncogene CM1 23 GCCTGGTGCTCCATCGACTGGGA 12 Test 90
C-mos oncogene CM2 25 GGGTGATGGCAAAGGAGTAGATGTC 12 Test 90
€-mos oncogene Cmosl 26 GCCTGGTGCTCCATCGACTGGGATCA 90 Test

C-mos oncogene Cmos3 23 GTAGATGTCTGCTTTGGGGGTGA 90 Test

Creatine kinase intron 6~ CK6-5' 24 GACCACCTCCGAGTCATCTCBATG 121 Test 26
Creatine kinase intron 6~ CK7-3' 21 CAGGTGCTCGTTCCACATGAA 121 Test 26
GAPDH GapdH950 27 CATCAAGTCCACAACACGGTTGCTGTA 55 Emy 152
GAPDH GapdL890 26 ACCTTTAATGCGGGTGCTGGCATTGC 55 Emy 152
HNF-1a intron 2 HNFAL-F 20 GCAGCCCTCTACACCTGGTA 131  Geo 153
HNF-1a intron 2 HNFAL-R 20 CAATATCCCCTGACCAGCAT 131  Geo 153
ITS-1 RNA-1 29 TCCGTAGGTGAACCTGCGGAAGGATCATT 95  Test 26
ITS-1 RNA-2 29 CACGAGCCGAGTGATCCACCGCTAAGAGT 95  Test 26
ITS-1 RNA-3 19 GCGTTCCGGCGCGGAGGTT 95  Test 26
ITS-1 RNA-4 19 AAACCTCCGCGCCGCAACG 95  Test 26
R35 Intron 1 R35 Ex1 21 ACGATTCTCGCTGATTCTTGC 61 Emy, Geo, Trio 36, 44, 152-154
R35 Intron 1 R35 Ex2 24 GCAGAAAACTGAATGTCTCAAAGG 61 Emy, Geo, Trio 36, 44, 152-154
R35 Intron 1 L-R35int 25 AGCATTACTACA GATGCAATG 158  Geo

R35 Intron 1 H-R35int 21 CCAGCAAAGGACTCACTTGTA 158  Geo

R35 Intron 1 R35In1CF 20 TTKVTGBAATKTATGGRRAG 153  Geo

R35 Intron 1 R35In1CR 20 CTYYCCATAMATTVCABMAA 153  Geo

RAG1 RAGF1 20 CCWGAWGARATTCAGCAYCC 83 TE

RAG1 RAGF2 21 GAGATCATTYGAAAAGGCACC 83 TE

RAG1 RAGF3 21 AGAACCTGCATCCTRAAGTGC 83 TE

RAG1 RAGF5 21 GAGATGTCAGYGAGAAGCATG 83 TE

RAG1 RAGR1 22 GCAAGATCTCTTCATCRCATTC 83 TE

RAG1 RAGR2 22 GATGTTCAGGAAGGATTTCACT 83 TE

RAG1 RAGR3 21 CTCAGGATGGCTGTCAGAGTC 83 TE

RAG1 RAGR4 21 TGCAACACAGCTCTGAATTGG 83 TE

RAG1 RAGR5 20 GACATCCTCCATTTCATAGC 83 TE

RAG2 F2 (Rag2) 23 CAGGATGGACTTTCTTTCCATGT 90 Test

RAG2 F2-1(Rag2) 19 TTCCAGAGCTTCAGGATGG 90 Test

RAG2 R2-1(Rag2) 25 CAGTTGAATAGAAAGGAACCCAAGT 90 Test

Reelin intron 61 RELNG61F 30 TGAAAGAGTCACTGAAATAAACTGGGAAAC 153  Geo

Reelin intron 61 RELN61R 26 GCCATGTAATTCCATTATTTACACTG 153  Geo

2002), yet, even for the experienced worker, laboratorprimer amplification (Avise et al., 1992; FitzSimmons et al.,
procedures may require substantial time and money. Con995; King and Julian, 2004). However, conservation of the
mercially, it can cost from $10,000 to $15,000 per species tsequence flanking the STR (i.e., where the primer attaches)
develop an STR library. In addition, even after loci havedoes not necessarily imply that the STR motif has also been
been identified, there is no guarantee the loci will be polyeonserved. Therefore, we offer a few cautionary tales to
morphic (i.e., exhibit multiple alleles) and therefore bestressthe importance of sequencing polymorphic loci devel-
informative to the research question. Although costs areped in a non-target species before making assumptions
high in the development phase, this expense is offset hygarding utility of a marker, even if it is to be used in a
relatively low costs associated with later phases (i.eglosely related species. Sequencing also allows for unifor-
genotyping) and by the potential utility of the markers formity of datasets by different researchers. For example,
future studies of the target species or other closely relatatespite hundreds of millions of years of evolutionary change,
taxa. Because the cost of commercially synthesized primefgimers developed for a microsatellite locusGhelonia
is low (ca. $0.30/bp), assessing the utility (i.e., polymormydasamplify the same locus (verified by comparing flank-
phism) of primers already developed for taxa closely relatethg sequences) iBopherus agassiziind exhibit moderate
to the target species is far more cost effective. In Table 3 weariability, although the repeat motif is dramatically differ-
have compiled the primer sequences for 160 STR loci frorant (Edwards et al., 2004) (Tables 3 and 4). Motif changes
all major clades of turtles. Many of these loci have alreadgan also be observed within a genus (e.g., locus GP81
exhibited successful amplification in other species. identified inGopherus polyphemuasd successfully ampli-
Turtles are suggested to have conservative genomes afield in Gopherus agassizjirables 3 and 4; Schwartz et al.,
therefore may be particularly well suited to inter-specie®003]), or even within a species (e.g., locus GP61 originally
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Table 3.Primer pairs developed for microsatellite loci in turtles. Taxa Described = original species in which the loci were itidditiiiel Taxa
=Taxainwhich the locus has been successfully amplified. Additonal References = Studies in addition to the originaleflet@neused the locus.
Key to Taxa: Apsp Apalone spiniferaCaca Caretta carettaCain =Carettochelys insculpt&€HEL = Famly Cheloniidae; ChmyGhelonia mydas
Chpi =Chrysemys pictaChru =Chelodina rugosaChse =Chelydra serpentindeco =Dermochelys coriace®ERM = Family Dermochelyidae;
DIPS =Dipsochelyspp.; ELSE =Elseyasp.; Embl =Emydoidea blandingiEmma =Emydura macquatiEMYD = Famly Emydidae; Erim =
Eretmochelys imbricat&rma =Erymnochelys madagascarien§i&OC =Geochelonspp.; Gera &eochelone radiat&lin =Glyptemys insculpta
GImu =Glyptemys muhlenberglsoag Gopherus agassiziEOPH =Gopheruspp.; Gopo $opherus polyphemuGSrko =Graptemys kohniLeke
=Lepidochelys kemyhieol =Lepidochelys olivacedate =Malaclemys terrapirPoex sPodocnemis expanseegr =Testudo graecd ehe T estudo
hermanni;Teho =Testuddorsfieldii Tema =Testudo marginatd ewe =Testudo weissingefieor =Terrapene ornatdnformation for unpublished
primer sequences: Unpub01 = Arthur Georges(georges@aerg.canberra.edu.au) pfneladfon rugosgurchased under contract from Jane
Hughes (Griffith U) optimized by Erika Alacs (U. Canberra); Unpub02 = FitzSimmons et al. (Nancy.Fitzsimmons@canberrarguitb8G);=U
FitzSimmons and Georges; Unpub04 = Peter H. Dutton (Peter.Dutton@noaa.gov).

GenBank Forward and Reverse Amplicon Obs. Taxa Add. Orig.  Add.
Locus Acc. No. Repeat Motif Primer sequence (5'_3) Size (bp) Alleles Descr. Taxa Ref.  Refs.
AhO1 GA F: TGCAGTTTGCTGAGCTTAGAG 120-160 6 Teho 79
R: TGTTGGCTGGTCTCATGTTC
Ah02 GA F: AGGGGTGGGGATAGATTG 123-137 7 Teho 79
R: GCAGAGAGCAGAGGTTTGACC
BTCA2  AY335787 (CAIN(CA), F: CTTAAAAAGACATTAAAATATCTT  184-192 3 Embl  Chpi, Chse 97
R: AACTCTCCCTAAAACCACAG
BTCA5  AY335788 (GA), F: GCTGCTTAGCACAACTCATAA 146-154 3 Embl  Chpi, Chse 97
R: CTTTTGTATTTAATCCATGATGAA
BTCA7  AY335789 (CA), F: TGGAATTAGATG GCAGTT 154-158 2 Embl  Chpi, Chse 97
R: TCATTTCTGTTTTCCACACTG
BTCA9  AY335790 (CA) F: TACTCAAGATTTGAAGCAGATACA  148-184 9 Embl  Chpi, Chse 97
R: GGCTTGATTCTACTGTCACTTAC
BTGA2 AY335791 (GGAIN4(GA), F: ATGATCTAATGGTCCCTTCTG 144-148 3 Embl  Chpi, Chse 97
R: CTGTTAGCTTATTCTTCTGCAA
BTGA3  AY335792 (GA) F: CCTAGA GTCTGGCTATTA 108 1 Embl  Chpi, Chse 97
R: TATCTCAGTAATAATCCCCTTAG
BTGA4  AY335793 (GA), F: CTCATAAAGTAAGGACGGGAA 146-154 3 Embl  Chpi, Chse 97
R: CCTAGAGATGGAATC GTATT
Ccl17 (CA), F: TCTTTAACGTATCTCCTGTAGCTC Caca CHEL,DERM 49,50 32,48,50
R: CAGTAGTGTCAGTTCATTGTTTCA
Cc-136 (GT), F: ACCAATCATTCAATGCCTTAGG 124-228 44 Caca Unpub02
R: CTTTGCTAGGTATTTATACACACAG
Ccl41 F: CAGCAGGCTGTCAGTTCTCCAC Caca Unpub02 19, 32,110
R: TAGTACGTCTGGCCTGACTTT
Cc7 (CA), F: TGCATTGCTTGACCAATTAGTGAG 165217 20 Caca EMYD, GOPH 4719,32, 39,40, 110
R: ACATGTATAGTTGAGGAGCAAGTG
Ccarl76  AF333763 F: GGCTGGGTGTCCATAAAAGA 186-220 16 Caca 110
R: TTGATGCAGGAGTCACCAAG
CCM2 F: TGGCACTGGTGGAAT Caca 53 19,110
R: TGACTCCCAAATACTGCT
Ci-107 (CTRT(CT)CA), TACCA)g F: CCAGGAATTTCTTCATGCCAC 288 1 Cain Unpub03
R: GTTTAACATGCCTTGGCTCCTTC
Ci-123 (CAXCG(CA); F: GTTTGCAGGCAACCATCATATAGTC 172 1 Cain Unpub03
R: GGAACATTTCAACCCATCAGG
Ci-124 (CA)CN(CA), F: AAACAAATCTGCTATCATGCC 150-210 16 Cain Unpub03
R: GTGGAGATACAACCTTTATGATGAC
Ci-125 (CA), F: ACACAGCATATTATGATTTGG 194-196 2 Cain Unpub03
R: TTGTGTCTTTGCTATTTTAGTC
Ci-126 (CA), F: GGGATCAAACCATGCAAGTATG 2 Cain Unpub03
R: GTTTTCCAGATTTGTCCCTCCA 192-194
Ci-128 (CA), F: GTTTCCATCCCTATTAAGTTATCAC 283 1 Cain Unpub03
R: TTATGGGAGTTGCTCTTTGCC
Ci-130 (CALGA(T), F: GTTTACAATACCTGCACTTTCTC 103 1 Cain Unpub03
R: TTAGGCAATTAACACTTCTC
Ci-145 (CA); F: GTTTGGGCACCTGTCTCTTATAG 147 1 Cain Unpub03
R: GGGCTTTCAGGCATCTTCAC
Cm3 (CA); F: AATACTACCATGAGATGGGATGTG Chmy CHEL,DERM 49,50 32,48,137
R: ATTC CTCCATAAACAAGGCC
Cm58 (CA), F: GCCTGCAGTACACTCGGTATTTAT Chmy CHEL, DERM, 49 41,48,137
R: TCAATGAAAGTGACAGGATGTACC Goag
Cm72 (CAY F: CTATAAGGAGAAAGCGTTAAGACA Chmy CHEL, DERM 49 48,137
R: CCAAATTAGGATTACACAGCCAAC
Cms4 (CA)s F: TGTTTTGACATTAGTCCAGGATTG Chmy CHEL, DERM 49  32,73,80,137
R: ATTGTTATAGCCTATTGTTCAGGA
Cpl0 F: GGTGCAGCAAGTTCAGGAGAC ~24  Chpi 129
R: GGTGTTAATGCACTGGAGAATCA
Cp2 F: CTCTAAGGGTTGCACTTCTCAAA ~24  Chpi 129
R: GAGGTGGCATCAAAACATCAT
Cp3 F: ATCTTTAAGTCTGTGAACTTCAGGG ~24  Chpi 129
R: CTGTCTCATGCAAAGCTGGTAG
Dc107 F: GTCACGGAAAGAGTGCCTGC 158-186 11 Deco Caca Unpub04 19
R: CAATTTGAGGTTATAGACC
Dc99 F: CACCCA CCCATTG 130-140 Deco 19 32
Eb05 AF416293  AAT F: GCCAGGAACAATGTTTTA 4557 5 Embl Chse, Gopo 115
R: TTGGCATTCTACACATAATAA
R: ATTTGAGCATAAC CGTGG
Eb09 AF411049 CA F: TTGAATTAGCTCATAAGCAC 128-160 15 Embl  Gopo 115 108

R: TCATAATGTGAATTGGTCTC
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Eb11l AF411050 CA F: GAGGATCAGAATGTTCAGAC 172204 13 Embl 115 108
R: TCTGACTTGAATTAAACCTC

Eb12 AF416294 CA F: GTCCCTAGATTTAACTGATAAACTTG 119-141 7 Embl  Chse, Chpi 115
R: AGGGTGGAGGAAGAGGAATAG

Eb15 AF411051 CA F: AATTGATCCCTTGATCCG 147-186 34 Embl  Chse, Chpi, Gopo 115
R: TCAGGACTATGAGGAAGC

Eb17 AF416295  AAT F: CCCACAAAAGTAGACACCTAT 94-109 5 Embl  Chse, Chpi, 115 108
R: GGCACTGAAATAAGAGAAAGTA Gopo, Trsp

Eb19 AF416296  AAT F: AGGGCTCTGAAGCACTAAAGTAA 100-109 3 Embl  Chse, Chpi, Apsp 115 108
R: CTCCGGC CATTTGTGT

Ei8 (CA), F: ATATGATTAGGCAAGGCTCTCAAC Erim  CHEL, DERM 49  32,73,80,108,137
R: AATCTTGAGATTGGCTTAGAAATC

GAL100 (CA)s F: TCTTAATAAATTCCATGAGTTGAGCT 100-156 19 GEOC DIPS 31 15,119
R: AGGGTGATTTCATAAACAAACAGAA

GAL127 (CA), F: TAACTATAAACATCAACTGGCAGAA  97-175 31 GEOC 31 15,62
R: GTTTAGTGTCATCTGCATATGC

GAL136 (CA) F: ATGAGATGTATGTACAGAAAATATA  73-101 12 GEOC DIPS 31 15,119
R: CTGGAGGGAAGTAAGAATC

GAL159 (CA), F: AATATTTGAAGATACTCATCCTCGA  83-123 19 GEOC 31 15
R: TTATGTGCTTGTGTCATC

GAL247 (CA), F: ATTAACTGATTTGAGCAGTCATCCA 6993 3 GEOC DIPS 119
R: TGCTGTGAATAGTAACTGAGC

GAL263 (CA), F: GGGAAAGTACTATTTCCAGAGCTGG  80-164 25 GEOC DIPS 31 15,119
R: GCTGAGGCTAGCTAATTTTTATGT

GAL45 (CA), F: TATCTCCTTCCACACGGAGATGGG 87-123 13 GEOC 31 15
R: CCCCAAAGTAAAGTTAGCTCTCTCA

GAL50 (CA), F: TGGGACAGGCAAACTAACAAAACTT 96-182 37 GEOC DIPS 31 15,119
R: TGCAGAAGTTAATCCCTTTCTCCTT

GAL73 (CA), F: ATTATGTGCTTGTGTCATC C 78126 20 GEOC DIPS 31 15,119
R: TTGAAGATACTCATCCTCGATACA

GAL75 (CA), F: GAAGCCATTTACCACAAACTTATT 73149 22 GEOC 31 15
R: GTTACCATAGCATTCCTGATTATAG

GAL85 (CA), F: TGTGGGGCATGGAAGGGCC 8191 3 GEOC DIPS 119
R: CACCAAGAGAGGAAAATAATGCTGGG

GAL% (CA), F: CTTCTATTTCCCAACCATCT 85111 13 GEOC DIPS 31 15,119
R: AACTTTATATTTGTGTGCATATT

GmuAl18 AF337648 (GT) F: TATCAGGGAAAGCAATGTAAGG Glmu  EMYD 81
R: AGTGAAACAAGCAGTTATGGTG

GmuAl19 AF517227  (GAJGT), F: TAAGAGACAGATGCTCAGCAAG Glmu  Teor 81 84
R: GTACATAACACGCACCCAATG

GmuA32 AF517228 (GT) F: TTATATTGCCTGCTGCTATCAC Glmu  EMYD 81
R: ATGAAAGTGTGCCTTTCACTG

GmuB08 AF517229 (TAG) F: CTCTGAGACCCTTATTCACGTC Glmu  Teor 81 79,684,140
R: AGCCTTTGTCTGTAAGCTGTTC

GmuB12 AF517230 (TAG) F: TCAATCTTCCAGCCTAACTGTG Glmu  Teor, Tegr 81 84
R: AGGGATGTG GCAACTGG

GmuB21 AF517231 (TAG) F: CTAGTTCGAAACAGGACCGTTG Glmu  Teor, Glin 81 84,160
R: CCACACGACAGTTTGATGTCAG

GmuB67 AF517232 (TAGQ) F: ACTCAAGCACTGACACACAATC 151-168 3 Glmu  Teor 81 84
R: CCAGTATTTGTGAGAATTTCCTTC

GmuB80 AF517233 (ATCT) F: TTATTGTGCATTGTATCATGGG Glmu  EMYD 81
R: CGCTACCATCATGTAACTAAGAG

GmuB91 AF517234  (TAG) F: TCAGGGAAGCAATAGAACACTC 139-142 2 Glmu Teor 81 84
R: TCTCATCCCTAAGTAAACCCAC

GmuD107 AF517250 (ATCT) F: GACAAACATGAACAGGAGAAGAG 189209 5 Glmu EMYD 81
R:ATTAGAGAGACAGATAGATAGGACTTG

GmuD114 AF517251 (ATCT) F: ATAGACATAGTGCATATAGACATAGCC ~ 92-128 6 GImu EMYD 8l 141
R: ACGTTCTTGCAGGGTCAGAG

GmuD121 AF517252  (ATCT) F: GGCAAATATCCAATAGAAATCC 138-154 5 Glmu Teor 81 84
R: CAACTTCCTCGTGGGTTCAG

GmuD16 AF517235 (ATCT) F: ATCCCTGAAA GTGTGTTC 188228 9 Glmu EMYD,Glin, Tegr 81 84,160
R: TTTACTCTAGAAGGGGCAATCC

GmuD21 AF517236 (ATCT) F: GCAGTTAGGCATTACTCAACATC 163-199 5 Glmu Teor 81 84
R: AGGGTATGAATACAGGGGTGTC

GmuD28 AF517237 (ATCT) F: AGCTGTTTGTCATCATACACTCTC 208-236 6 Glmu EMYD 81
R: TGGCCCTCATGTTTTATAAGTG

GmuD40 AF517238 (ATCT) F: TTTGTCATATCATCCACTCACC 157-201 9 Glmu EMYD, Glin 81 160
R: TTTGTCACAGATGGGAATTAGC

GmuD51 AF517239  (ATCT) F: GTTGGGCACTAGATAGATTCG 307-359 10 Glmu EMYD, Tegr 81 79,140,141
R: CATTCAAGTCAACGGAAAGAC

GmuD55 AF517240 (ATCT) F: GTGATACTCTGCAACCCATCC 212-224 4 Glmu Teor 81 84
R: TTGCATTCAGAATATCCATCAG

GmuD62 AF517241  (ATCTH) F: GGTGGTATAGAAAATCCTAAAATGG Glmu  Teor 81 84
R: GTGCAAACTGTCTGGAAATAGG

GmuD70 AF517242  (ATCT) F: AGTGTAGTCATGGCATAGAGAGG 185205 5 Glmu EMYD 81
R: ATCAAATTCTTCCAACCCTACC

GmuD79 AF517243  (ATCT) F: GCCCTGTTCCATTCTTATTCTG 164-192 3 Glmu Teor 81 84
R: ATCCCCTTAGTCGTCTCTTTTC

GmuD87 AF517244  (ATCT) F: AAACCCTAAGACATCAGACAGG 260-292 8 Glmu Teor, Glin 81 79,84,140
R: CAAATCCAGTACCCAGAAAGTC

GmuD88 AF517245 (ATCT) F: AACAATGCCTGAAAATGCAC 154-178 17 Glmu  Teor 81 84
R: TAGGCTACCTCTGAAAATGCTG

GmuD89 AF517246  (ATCT) F: GCTCGCTGTAACTAGCTCTAACTC  112-124 3 Glmu EMYD 81
R: CCAGGCAGCTTTGTTTAATG

GmuD90 AF517247  (ATCT) F: ATAGCAGGACAATTACCACCAG 122-134 3 Glmu  Teor 81 84

R: CCTAGTTGCTGCTGACTCCAC



GmuD93  AF517248

GmuD95  AF517249

Goad3
Goad32
Goagt
Goah
Goadh
Goag/
Goad8
GP102
GP15
GP19
GP26
GP30
GP55
GP61
GP81
GP96
KIk314
KIk315
Klk316
Klk325
MR-1
MR-2
MR-3
MR-5
MR-8
MR-9
OR-1
OR-2
OR-3
OR-4
OR-7
OR-8
PE1075
PE344
PE519
Podl
Pod128
Pod147
Pod62
Pod79
Pod91

AY317141
AY317147
AY317142
AY317143
AY317144
AY317145
AY317146
AF546890
AF546895
AF546891
AF546892
AF546889
AF546893
AF546896
AF546894
AF546888

AY934859
AY934860
AY934861
AY934862
AY934863
AY934864
AY325422
AY325423
AY325424
AY325425
AY325427
AY325428
AF141138
AF141136
AF141137

(ATCT)
(ATCT)
(CAA)
(AC)
(CAA),
(GAT),
(TCYAC)y
(ACYGC)(AC),
(CALTA(CA),
(GTCT).ACA)s

(AC)11
(AC)9
GT)8
(GA)I8
(GT)32(GA)12
()16

(CAAA)
(GTYBCC(GT)
(TCYAC)GC(AC),
(TG
(GTYGA),

ye?

(AG)

(AQ)

(CRICA)(CGHCA)
(CAY

(GTHGC),
(GTHA)
(GTX(TA)s
(CTHCA)s
GGT)AGA)

F: AGACTCTCTTGACCAGA CTC 185-389
R: TCTGCCTTCTATCACTCTCCTG
F: AGGTACGAGACAGGACAAAGTG 153-177
R: TGAATGCAGTGTAACATTTGAG
F: CTGATTGGTCTGACTCCCT 375-381
R: CCTGATTGCTTCCTGACAC
F: GTGCTGCCTTGATAAGTAA 177-179
R: ATAG CTTTCCTACACAT
F: CTCAACAAAAGGTAAGTGATG 110-188
R: GCATAAAAGTAAACAGTAAAGTA
F: AGGCAAGTGGGTGGTAATG 257-365
R: GCGATTTTGAGGCTTCTTTC
F: TAAGGGCTATGAGGAAGAAT 360-442
R: GTAATGGTGTGGGTGGGA
F: TCAATCCATTAGTCTTCACCC 261-281
R: TTTCTGTTTATGCTCCGTATTA
F: ATGCTGACAATAGAACAAGA 192
R: ACATCTGGGGCTAAAGTG
F: AGCTGCCTGACTGCTATGCT 299-339
R: GCATAATCAGCATCAACAACAAA
F: CCTATTTTTCCCCCTCACAGT 207-269
R: GAAAATAAAAACAGTCCCAACCA
F: GCAGGACAGTGCCACACTA 252-256
R: CAGCCATATTAATGACAATCTG
F: GACAACCATCTTTACCCACA 358-370
R: TCCCAAGACATAAGTCAGTAGC

F: GAATGCAGCACTGCTTGGTA 194-232
R: CGAAGAGGGAGCACGTTTAG

F: TTAGGGA CTGTCTACTTCAG 265-271
R: CGCAATGTGACACGCTATT

F: GCATTAAACCATTGTGCCTCA 197-245
R: AGTGGTGGTCGAAGTGGAAC

F: TCACACAAACCCCATCCATA 397-415
R: TCCATTGAATTGCCATCTGA

F: TCAGTTACCGGATAATGTTCAGTG  141-157
R: TGCTGTTACCTCGTGCATGT

F: GGTGCCAAGGAGGACGCTG 109
R: CATGCTCGCCCCTGGAAAG

F: AGACAAACTCCCCCTTGCTAGG 135
R: CCCAGAAGGTGAAGAAATACCAAA

F: TACATCCATACATGCAGCCCCCTGA 132
R: GGTGCTAGGGTGAGTATTGAGCACT

F: CCCAGTTCCTTTCAACCAAGTA 155
R: CTTGAGCTTTAACAGATGACAAAA

F: TTTCTGCACCTGCTTAACTT 222-234
R: CTCATGGAGGTGGTGTTACT

F: ACGGAATCCTGATTAATTCC 199-229
R: CTTCCCTCAATACAATGGTT

F: CA CTTTATCGCCTCAC 181-189

R: CTTTCACAGCACAAGTCTCA
F: TCTAGGGTCGCCCCTGTAGG
R: CTGGGAATGTTCTGCGGTTG

F: TGCCCTCTGATGCTCTGGTG 154-194 18
R: GCCCAAATGTCTACAACTGTGG

F: CCAATGCTCCAGGCGTG 97-105
R: GCCAGTCTTACTGCTGAACC
F: CCCCTTGTGTTCTGAAATCCTATGA  150-202 24
R: CAGGCATAGGGAAAAATCAGAGGTA
F: GCTCCTGCATCACTATTTCCTGTT 153-185 12
R: TGCTGCCCCCACACCCTCTG
F:TTG A ATTGGTCATTTCAG 146 1
R: GCACC CACGTTGTCCACATGT
F: AGGCACACTAACAGAGAACTTGG 122-172 18

R: GGGACCCTAAAATACCACAAGACA
F:GGGTTAGATATAGGAGGTGCTTGATGT185-219
R: TCAGGATTAGCCAACAAGAGCAAAA

F: GCACTGGTGGGAAAATATTGTTGT  148-166
R: GCTGGGCTAATAAAATGTTGTGCA

F: ATGAGCCTGAAGAGTTGGAA 247-283

R: AACTTAGGCTGCATGAGTTG

F: ATCCTGAGTTTAAAGGTGA 144-208

R: AACTCTTCAAACTCCTCTAG

F: GCTGAGCTAGACTAACATGC 239-327
R: GTAAATTGCCATACTTGGAG

F: GATCTTTCTTTACAGGTGCAGTTC 154-204
R: CACAACTAAATTACAGCACTCCG

F: GTGTCAGGGCTACCATCAAGATTG  140-209
R: CCAGTAAAATTCACTACCAGCATG

F: GTGACAGCAGCATCTCA CTC 181-249
R: ATGACACATTACCATCCCATAGG

F: ATGAGTGTGGAATGAGAGGAAC 182-214

R: CCCATCCACAGAAGCAAATTCC

F: GGGAGAGCATTGCTGGTTGGTG 220-260
R: CAATGTCATCACCGCAGAACCC

F: TCA GGTTAGAAGTGAAGGC 111-255

R: GGTTGTTCATC AGATTCACC

10
4
3
2
17
27
15
8
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Glmu
Glmu

Goag
Goag
Goag
Goag
Goag
Goag

1 Goag

15
19

1
10
3
1
5
5
5

5

16
8
6

10
8

21

23
19

9
16

40

Gopo
Gopo
Gopo
Gopo
Gopo
Gopo
Gopo
Gopo
Gopo
Leke
Leke
Leke
Leke
Mari
Mari

Mari

149-189 10 Mari

Leo
Leo
Leo
Leol
Leol
Leo
Poex
Poex
Poex
Poex
Poex
Poex
Poex
Poex

Poex

Teor, Glin

Teor

GOPH, Grko
GOPH, Grko
GOPH, Grko
GOPH, Grko
GOPH, Grko
GOPH, Grko
GOPH, Grko
GOPH, Grko
GOPH, Grko

Leol

Leol

Chmy, Erim
Chmy, Erim, Deco
Chmy, Erim, Deco
Chmy, Erim

Chmy, Erim, Deco
Chmy, Erim, Deco

8l
81
40
40
40
40
40
40
40
146
146
146
146
146
146
146
146
146
80
80
80
80
101
101
101
101
101
101

161
161
161
151
151
151
151
151
151

133

84, 140, 141
84

54,109, 145
54, 109, 145
54, 109, 145
54, 109, 145
54, 109, 145
54, 109, 145
54,109, 145
54,109, 145
54,109, 145

32

127,128
127,128
127,128
127,128, 161
127,128, 161
127,128, 161
127,128, 161
127,128, 161
127,128, 161



134

RAD14
RAD27
RAD284
RAD313
RAD542
RAD573
RAD891
RAD932
T12

T14

T17

T26

T42

T44

T50

T58

T79

T80

T87
TerpSH1
TerpSH2
TerpSH3
TerpSH5
TerpSH7
TerpSH8
Test10
Test21
Test56
Test71
Test76
Test88
tle10f
tlel3.1
tle13.3
tle6.2
tle7.2
tle16.31
tle19.1
le19.3
tle23.41
tle28.21
tle31.1

TWS190 DQ398951

AY900651
AY900652
AY900653
AY900654
AY900655
AY900656
AY900657
AY900658

AY156709
AY156710
AY156711
AY156713
AY156715
AY156716
AY822052
AY822048
AY822049
AY822050
AY822051
AY822053
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(CTHAC),,
(TGITA(TG)56
(GT
(GT)CAG(CTHGANGTHGA),
(CA);
(CA)(TGCA)(CALCGICA),
(CT){CA).CG(CA),
(GT)
(CAG)/GAGI/(CAG),
(TGC)
(TGC)
(GCA),
(ACC),
(AGC)
(GCA),
(CAC),
(TGC)C(TGC)
(TGC)
(TGC)
(AGAT),
(AGAT)
(CAAA),
(CTAT)
(AGAT),
(GA)
(AGYTA)GA),
(CAYCT),
(CT)GCT(CA),
(AGQ)
(CA
(TGNAC)s
AC
TG
TG
GT
CA
AC
cTT
AC
(GCT)CCT(GCT),
AC
(TC)(AC)yo
(TC)9

F: GATCCCCAACTGTCACCAC

R: AAAATGTTGCTCTCCTAAATGC
F: AAAATCTACCAAGGTCTGCAAAG
R: TTACAGAGCATCAGCAAGGC

F: GTGCTGAACAGAGGCTGATG

R: CACACACACAGACAGAAGATTATT
F: AGTTG CCCACCCCC

R: TCCCCAAGACACCTGCTG

F: TCCTGTGATTGTTTCATAGAACG
R: TCTGCTCCTTCCTGTGTGC

F: TGAACAGAACGATCCTCCCC

R: GGGAAAGCCAGGGCACTAG

F: TATTCACCCACGAAAGCTCA

R: GGTTGTTGGAGAAAGGAGGA

F: GGTAGATAGTTCCTTCAGCCTTG
R: TCCCCTC CTGTCTCATAG
F: GGGATCACTCGGCCACTCTGG
R: ACCCAAGAATACCCGTCACCG
F: TAGGCTCAGGGATATGATAGC
R: CTCCAGCGACAGTTGCAACAG
F: AACAGTATTATGGATGCAGAC

R: GACACAAAAGGTACCATTCCC
F: CAGTGA GCTACCAAGG

R: GCAAAACAGTATTATGGATGC

F: CCAAACTTGAACACTGCTGTG

R: GGACTCCCAGATTATGGTCTC
F: AAGGCAGTTGAGAACCAGGTG
R: GTAGATGCCACCCATGTTGTC
F: TGCTGCCTGCCATTAGCTTAC

R: CTGCATTTGAGCAATTCGCTG

F: TCCTGAAAGGGTGGGCAAAGG
R: CTAGATGATTCTCAGTCTTTC

F: TTCCCCCCACAAGTCACTTTC

R: TGTATTACTCTCCGTGTCTCG

F: CTCACCTGCAGCCTCTTTCTC

R: AGGACCTTTCAGGACCCTCAC
F: CAGCACTGATCTGCAAGTACC
R: GCTACACCAGTTTCACTCTGC

F: CCACTGGGATCTAATCACTT

R: GGCAACTTAGCAT

F: GCCAGCAGGAGTAATG

R: CTATTAGGGCAGAGACGAG

F: TCCCCCAATGCACAC

R: CTGC*CCAATCCATTTAGA

F: TTGCTGCTATATGCTTAAT

R: CCTCCCTGCCTATTGA

F: CACACACACTGTA GATA

R: CTATGCCCTTTCTAGTTTG

F: CCAAATTAAATATCTACC

R: AGCCTTTCCAGTATTCAGTA

F: AGACTCTCTGTGATGGTAATAGCA
R: GA CATTGGCATATAAGACACA
F: AAACTGGCTGAAACCCAGC

R: TTGGGAGTTTGACTGATCTAGGA
F: GATATGCAGGCAAACAGGCT

R: CAGGAATCTGTGCATGATTGA

F: GATTGTGGTCACATATAGAGGAGG

218-262
230-270
209-243
220-292
148-196
199-225
194-242
152-204
157-163
120-129
121-130
158-167
158-164
131-142
134
157-166

138-159
136-148
254-302
171-227
283-311
157-189
97-137
193-221
194-228
203-235
199-205
126-130

R: TGTTGTACTTAGCTGTTCTGATCTATT

F: GAATTCTAAC CTCTGTGGAGC

116-118

R: TCTTATTGCATATCTGAGTACAGAAGA

F: TTTCCACAGAAAGGAGGAGC

R: CAAATTGAATAAACAGAG CCC

F: TTCTGCTTCTGTGGTTCCACC

R: CTGTATTTCAAGGACTCTGCC

F: TGGGTCTAATTCAGTGAAGAG

R: TGAGTTTCAGGCATCTCCTCG

F: GTGTCAGCCCTCCAGAATGTC

R: TCAACGAGAAGCAAATTGAAG

F: GTTTACAGTTCACCTCTTCAG

R: TCAATCTAACGTAATTGTGCC

F: ACAGCCATCACGTTTAGCCAC

R: GCCAATTTGTTTACATATCCC

F: GACCCTAATCCCCTCCTAATCC

R: CCAACCCTTCTGACTCTCACTC

F: CTACCACCTGCTTTACCAACC

R: GTGAAACCCGATGCTCTTGAACC

F: CAGCG GCCCATGGTAAG

R: GTGCTAAACCAGTCTCATTGTG

F: CACCCAAGAATACCCGTCACC

R: GTACACCCAATGATCACTCG

F: GCTTTGCCTATCATCCTCTTGC

R: CCTGGTCTCATTCAGAAAGG

F: TAACGGAAGGTCTTCAAAGGTC

R: GTAGTGTGTCCCAGGCGATTCGAC
F: TTGTTCTGCCATCAGTCAGC

R: ATCCCCTTACCACCAACTCC

181-209
139-155
197-221
110-168
97-129
121-141
231-309
181-202
253-299
176
133-173
270-384

Gera
Gera
Gera
Gera
Gera
Gera
Gera
Gera
3 Chu
Chru
Chru
Chru
Chru

13, I R N

Chru

[N

Chru
Chru

6 Chru
3 Chu
12 Mate
12 Mate
8 Mate
8 Mate
10 Mate
14 Mate
10 Tehe
Tehe
Tehe
Tehe
Tehe

a nNow w o

Tehe
6 Emma
20 Emma
Emma
22 Emma
12 Emma
36 Emma
8 Emma
24 Emma
1 Emma
17 Emma

26 Emma

091097 3 Tewe

ELSE
ELSE

ELSE
ELSE

ELSE

Tema

122
122
122
122
122
122
122
122
Unpub01
Unpub01
Unpub01
Unpub01
Unpub01
Unpub01
Unpub01
Unpub01
Unpub01
Unpub01
Unpub01
68 69
68 69
68 69
68 69
68 69
68 69
52
68
68
68
68
68
Unpub01
Unpub01
Unpub01
Unpub01
Unpub01
Unpub01
Unpub01
Unpub01
Unpub01
Unpub01
Unpub01
130
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TWL6L DQ398949  (CA)13 F: CCAACCCTGTAGGACTGAAGC 137-171 9 Tewe Tema 130
R: GTTCCGAGCACTGCAACC

TWR106 DQ398952 (CT)1L(CA)19 F: ACAATCCCACACTCCTTTGC 171227 10 Tewe Tema 130
R: CTCACCTTTGGCCCTTCC

TWL221 DQ398955 (TG)12 (TCTG)6TC F: TGCTGGCTGAAGTTTACAGAG 217267 6 Tewe Tema 130
R: CCAGAAGCTGAAGCAACTCC

TWMD51 DQ398956  (AC)7 F: CACTGGGCAGAAACCAGAAG 249251 2 Tewe Tema 130
R: GCTGCATGTGGCTCTTTTAC

TWIBL  DQ398953 (GT)11(GA)10 F: TATTTCAGGCGTGGAGCAAC 242-344 19 Tewe Tema 130
R: CAATGGGCTACTTGCCTACC

TWT113 DQ398954 (TC)10 F: CTTTTAGGCTGGGCTGATTG 276286 5 Tewe Tema 130
R: ATGCAACCCCAGTACCTCTG

TWQ113 DQ398950 (CT)12 F: CAGAGGACGTGAGCGAGAG 281293 6 Tewe Tema 130
R: TTGAGGATGTTGTAGAGGATGC

59HDZ131 DQ464448  (CA)12 F:AAGTTCAGACTGGGCAGGG 204220 4 Erma 136
R:CCACCTTCAGACACACACTCAC

59HDZ188 DQ464447  (CA)9 F:CTCAAACCAGGGGCTAAAG 208214 3 Ema 136
R.CTATTTCAGGCTGTGGGAGG

59HDZ196 DQ464449  (GT)2L F:AGGATTCAAACAGTGGAGTGC 196220 5 Emma 136
R:CCCAGACAATGACTAACAAACC

59HDZ234 DQ464450  (CTTT)5 F:CTCCCACGAAATCTCATGC 231235 3 Ema 136
R.TGTAAGATGCTGGCAAAAGTG

59HDZ242 DQ464451  (GT)17 F:AGCGGAGAGAGGGGGAAC 078094 5 Ema 136
R.TGAAACAAAGGGGCAATCC

59HDZ327 DQ464452 (TCBAC)TAMMATCBAC)  F:ACACAGGGTCCATCCACTTC 308-316 4 Ema 136

SBAATT(TCIOTT(TC)BAC R TCAGCAAAACAAGCAACGAG

59HDZ397 DQ464453  (GT)7 F:-GAACGCACCAGAACGCAG 140-160 4 Ema 136
R:CCCAGAACGCTCCTACATTG

59HDZ499 DQ464454 (CA9GA(CA)3 GC(CA)L4 F:GTGAGCCCCCAAATSCCC 187-205 8 Ema 136
R.TGCTGGACAACTAATCTTTTCTATC

59HDZ669 DQ464455  (GT)9 F:CCAGGACATCTTAGACTACTGTTCC 225229 4 Erma 136
R:CACTATTTAGGCTTTTCATTCTGC

59HDZ777 DQ464456  (CA)20 F:GAAAAAAAAAGGGGTGGGG 134-148 7 Erma 136
RAGGGAGTTAGGGGTTGTAGGAG

59HDZ897 DQ464457  (GT)13 F.TGTGTGGAGAGGGATGGTTC 147-159 6 Ema 136
R:GTATGCTTAACCCCCACCTC

described irG. polyphemugSchwartz et al., 2003]). Locus morphisms (SNPs) between the two populations. Although
GP61 exhibits two different motif states @ agassizii  microsatellites are generally best applied to genetic studies
alleles having greater than 16 repeats have a simple diithin a species, these examples suggest that sequencing STR
nucleotde motif, (GTy),, but alleles that score in the range of loci and their flanking regions can reveal potentially neutral,
10-12 repeats possess a compound motif, ZFTBT)s  autosomal SNPs that imply deeper evolutionary changes and
(Edwards, unpubl. data; Tables 3 and 4). For this locus are applicable for inter-species phylogenetic studies.
singleG. agassiziindividual can be homozygous for either The development of molecular tools for freshwater
motif or heterozygous for both motifs. Knowledge of theturtles and tortoises is not complete. Obviously there is
different allelic states can help researchers choose the begeat potential in exploring and applying entirely new
model for their analysis, such that an infinite allele modemolecular techniques, such as sequencing entire mito-
might be a better choice for analyses of these data thanchondrial genomes (Parham et al., 2006a,b), develop-
stepwise model of evolution. ment of additional informative nuclear markers (Fujita et
While motif differences among species may not affectl., 2004), or microarrays and beyond. Indeed, there are
the utility of a marker within a species, changes that occunany questions and many species that will require devel-
across populations within a species might reveal more sigpment of new markers or new approaches. However,
nificant evolutionary changes that would be masked duringhere is still much to be learned about the biology and
fragment analysis without subsequent sequencing. For egenservation of freshwater turtles and tortoises by sim-
ample, locus Goag05 was originally describe@apherus  ply applying the wide array of molecular markers that are
agassiziifrom samples collected in the Sonoran Desertlready available today. For the majority of common
(Tables 3 and 4; Edwards et al., 2003). Fragment analysis &#
this locus inG. agas§|2|samples cqllected from the Mojave Table 4.0bserved motif differences from cross-species amplification of
Desert reveal amplicon lengths in the range of those obmicrosatellite loci.
served in the Sonoran samples. However, comparison of
locus sequences from both populations revealed fixed dit-2%S

Species Motif

ferences in the motif indicating that there has been signifiems8  Chelonia mydas (CA),

cant evolutionary change between the populations and that Gopherus agassizii (CA),CG(CT),
gene flow does not occur (Edwards, unpubl. data; Tables gggﬂgﬂg gggggzeiwus Egp);éiékk )
and 4). It might also be implied that the motif observed inth@psl  Gopherus polyphemus (GT),

Mojave Desert samples is derived from the Sonoran Desert Gopherus agassiZ@allelic state 1) (G,

motif. The nucleotide sequence of the flanking regiong; . o5 gggﬂgﬂg ggg::é(gger?grzt%te 2) ESKN (GT)s

surrounding the motif also revealed single nucleotide poly- Gopherus agassiziMojave) GACGﬁA(GAT)GACGAA
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applications in most species, all the tools needed already Austin,J.J., E.N. &noLb, AnD R. Bour. 2003. Was there a second
exist and are consolidated here. It should be noted, adaptive radiation of giant tortoises in the Indian Ocean? Using
however, that the tables we provide here are incomplete, mitochondrial DNA_t(_) investiggtg speciation and biogeography of
as many researchers have not included in their publica- AldabrachelygReptilia, Testudinidae). Molecular Ecology Notes

. . . . 12:1415-1424.

tions information such as GenBank accession number§ .

. . . . 0. Awvisg, J.C. 1994. Molecular markers, natural history and evolu-
STR motifs, expected amplicon size, or other species that tion. Chapman & Hall, NewYork.

a primer might have utility in. We urge those in thejy ause, J.C. 2004. Molecular Markers, Natural History and
research community contributing such data to the scien- Evolution (Second Edition). Sinauer, Sunderland, MA.

tific literature to include as much information as pos-12. Barker, F.K., G.F. BrrowcLoucH anp J.G. GroTH. 2002. A
sible. We are entering a new era in which the cost and phylogenetic hypothesis for passerine birds: taxonomic and biogeo-
time associated with the development of molecular mark- graphic implications of an analysis of nuclear DNA sequence data.
ers should not hinder researchers hoping to apply mo- Proceedings of Royal Society of London Biology 269:295-308.

lecular approaches to important challenges in turtle biol+3: B2R™ D., D. BErnHarD, G. Frirzsch, anp U. Frirz. 2004. The
. freshwater turtle gendauremygTestudines, Geoemydidae) - a
ogy and conservation.

textbook example of an east-west disjunction or a taxonomic

. Lo misconcept? Zoologica Scripta 33:213-221.
Acknowledgmenls— This material is based upon work 14. BarTH, D., D. BErRNHARD, D. GuickiNg, M. Stock, anp U. FriTz.

supported by the NSF under grant # DEB-0507916 for the 2003. IsChinemys megalocephakang, 1934 a valid species?
Turtle Genetics workshop held from 7—-12 August 2005 at New insights based on mitochondrial DNA sequence data.
Harvard University. Additional financial support for the Salamandra 38:213-232.

workshop came from the Museum of Comparative Zoologyl>. BeHEREGARAY, L.B., C. GoFi, A. Caccong, J.P. GBss, Anp J.R.
(Harvard University), Chelonian Research Foundation, and PoweLL. 2003. Genetic divergence, phylogeography and conser-
Conservation International. We thank the many individuals vation units of gianttortoises from Santa Cruz and Pinzon, Galapagos

contributed unpublished information for this compilation Islands. Conservation Genetics 4.31-46.
16. BckHam, J.W., T. lamB, P. Mnx, ano J.C. RtTOoN. 1996.

and we eSpe.Cia"y thank Brad Shaffgr for prOViding the Molecular systematics of the gerCiemmysnd the intergeneric
impetus for this work and Anders Rhodin for his careful and  (g|ationships of Emydid turtles. Herpetologica 52:89-97.

dedicated editing of this volume. 17. Brks, S.M. axp S.V. Ebwarps. 2002. A phylogeny of the
megapodes (Aves: Megapodiidae) based on nuclear and mito-
LITERATURE CITED chondrial DNA sequences. Molecular Phylogenetics and Evolu-

tion 23:408-421.
1. AccarRwAL, R., T. VELavan, D. Ubavkumar, P. HENDRE K. 18. Boorg J.L. 1999. Animal mitochondrial genomes. Nucleic

SHANKER, B. GHOUDHURY, AND L. SNGH. 2004. Development and ~ Acids Research 27:1767-1780. _
characterization of novel microsatellite markers from the olivel9. Bowen, BW., AL. Bass ano L. Soares 2005. Conservation

ridley sea turtlel(epidochelys olivacdaMolecular Ecology Notes implications of complex population structure: lessons from the logger-
4:77-79. head turtleCaretta caretth Molecular Ecology 14:2389-2402.

2. Awei, K.C. 2001. Design of primers for amplification of mito- 20- BRiTTen, H.B., B.R. RooLe, P.F. Bussarn R. MarLow, AnD
chondrial control region DNA in Blanding's turtl€rydoidea T.E. Lee R. 1997. Genetic delineation of management units for the
blandingi). B.Sc. Honours Thesis, SaintMary’s University, Halifax, ~ deserttortois&opherus agassizin northeastern Mojave Desert.
Nova Scotia. Copeia 1997:523-530.

3. Auarp, MMW., M.M. MivamoTo, K.A. BiornDAL, BoLTENA.B., 21. Brown, W.M., M. GeorGEJR, AND A.C. WiLson. 1979. Rapid
AnD B.W. Bowen. 1994. Support for natal homing in green turties  €volution of animal mitochondrial DNA. Proceedings of the
from mitochondrial DNA sequences. Copeia 1994:34-41. National Academy of Sciences of the USA 76:1967-1971.

4. Awvarez, Y., J.A. MaTeo, A.C. Avpreu, C. Daz-Paniacua, A. 22. Brurorp, M.W. anD R.K. Wavne. 1993. Microsatellites and
Diez, anp J.M. BauTista. 2000. Mitochondrial DNA haplotyping their application to population genetic studies. Current Opinions in
of Testudo graecan both sides of the Straits of Gibraltar. Journal  Genetic Development 3:939-43.
of Heredity 91:39-41. 23. Burns, C., C. Qor, L.B. BEHEREGARAY, T.H. FRriTTs, J.P. @BBS,

5. ArevaLo, E., S.K. Dwis, anp J.W. Sres. 1994. Mitochondrial DNA C. Marquez, M.C. MuinkoviTeH, J.R. BweLL, anp A. CACCONE
sequence divergence and phylogenetic relationships among eight2003. The origin of captive Galapagos tortoise based on DNA
chromosome races of tBeeloporus grammice®mplex (Phryno- analysis: implications for the management of natural populations.
somatidae) in central Mexico. Systematic Biology 43:387-418. Animal Conservation 6:329-337.

6. ArmsTRONG M.H., E.L. Braun, anp R.T. KivaLL . 2001. Phyloge- 24. Buskirk, J.R., J.F. RrHam, anp C.R. FELbman. 2005. On the
netic utility of avian ovomucoid intron G: A comparisonof nuclearand  hybridisation between two distantly related Asian turtles
mitochondrial phylogenies in galliformes. Auk 118:799-804. (TestudinesSacaliaandMauremy$. Salamandra 41:21-26.

7. AusTiy, J.Janp E.N. ArnoLp. 2001. Ancient mitochondrial DNA ~ 25. Caccong, A., G. Avato, O.C. GRaTRy, J. BeHLER, AND J.R.
and morphology elucidate and extinct island radiation of Indian PoweLL. 1999. Amolecular phylogeny of four endangered Mada-
Ocean giant tortoiseCylindraspig. Proc. Royal Soc. Lond, ~ gascar tortoises based on mtDNA sequences. Molecular
Series B 268:2515-2523. Phylogenetics and Evolution 12:1-9.

8. AusT, J.J., E.N. AnoLp, AND R. Bour. 2002. The provenance 26. Crccong A., G. GnTiLg, C.E. Burns, E. $z21, W. Bercman, M.
of type specimens of extinct Mascarene Island giant tortoises RUELLE, K. SALTONSTALL, anND J.R. RweLL. 2004. Extreme differ-

(Cylindraspi3 revealed by ancient mitochondrial DNA sequences. €nce inrate of mitochondrial and nuclear DNA evolutionin a large
Journal of Herpetology 36:280-285. ectotherm, Galapagos tortoises. Molecular Phylogenetics and



EngsTROMET AL. — Turtle Primer Compendium 137

Evolution 31:794-798. 43. Engstrom T.N., H.B. $iarrer, anD W.P. McCorp. 2002. Phy-

27. Caccong, A., G. GenriLg, J.P. GBBs, T.H. Rritts, H.L. S\ELL, J. logenetic diversity of endangered and critically endangered south-
Betts, anp J.R. PweLL. 2002. Phylogeography and history of  east Asian softshell turtles (Trionychida@hitra). Biological
Giant Galapagos tortoises. Evolution 56:2052-2066. Conservation 104:173-179.

28. Caccong, A., J.P. GBBs, V. KETMAER, E. SuaTONI, AND J.R. 44. EnestroM T.N., H.B. $iarrer anp W.P. McCorb. 2004. Multiple
PoweLL. 1999. Origin and evolutionary relationships of giant data sets, high homoplasy, and the phylogeny of softshell turtles
Galapagos tortoise. Proceedings of the National Academy of (Testudines: Trionychidae). Systematic Biology 53:693-710.
Sciences of the USA 96:13223-13228. 45. Feoman, C.Ranp J.F. RrHam. 2002. Molecular phylogenetics

29. Guen, J.-T., |. GiowDHURY, Y.-S. LN, C.-F. Liao, S.-T. SN, of Emydine turtles: taxonomic revision and the evolution of shell
anD J.Y.-L. Yu. 2006. Molecular cloning and sequence analysis of kinesis. Molecular Phylogenetics and Evolution 22:388-398.

a cDNA encoding pituitary thyroid stimulating hormone -subunit46. FeLbman, C.R.anp J.F. RrHam. 2004. Molecular systematics of

of the Chinese soft-shell turfiRelodiscus sinensand regulation old world stripe-necked turtles (Testudinkturemys. Asiatic

of its gene expression. General and Comparative Endocrinology Herpetological Research 10:28-37.

146:74-82. 47. FrzSmmons, N.N. 1998. Single paternity of clutches and sperm
30. GHEN, J.-T., S.-T. 8eN, Y.-S. Lin, anp J.Y.-L. Yua. 2005. storage in the promiscuous green tur@adlonia mydgs Mo-

Molecular cloning of the cDNA encoding follicle-stimulating  lecular Ecology 7:575-584.

hormone subunit of the Chinese soft-shell tltllodiscus sinensis  48. FtzSmmons, N.N., C. Mbritz, C.J. lvpus, L. Porg anD R.

and its gene expression. General and Comparative Endocrinology Prince. 1997. Geographic structure of mitochondrial and nuclear

141:190-200. gene polymorphisms in Australian green turtle populations and
31. Gori, C., M.C. MuinkoviTcH, J.P. @Bs, A. Caccong, anp J.R. male-biased gene flow. Genetics 147:1843-1854.

PoweLL. 2002. Microsatellite analysis of genetic divergence amongl9. FrzSmmons, N.N., C. MbriTz, AND S.S. More 1995. Conser-

populations of giant Galapagos tortoises. Molecular Ecology vation and dynamics of microsatellite loci over 300 million years

11:2265-2283. of marine turtle evolution. Molecular Biology and Evolution
32. Qriv, J.L., L.D. $oTiLa, J.R. SoTiLa, M. O’ConNoR, R. ReINA, 12:432-440.

C.J. WiLLiams, anD F.V. PaLabino. 2002. The leatherback turtle, 50. FrzSmmons, N.N., C. Mbritz, anD S.S. Mbore 1995. Conser-

Dermochelys coriaceaexhibits both polyandry and polygyny.  vation and dynamics of microsatellite loci over 300 million years

Molecular Ecology 11:2097-2106. of marine turtle evolution. Molecular Biology and Evolution
33. GroniN, MLA., S. Hius, E.W. Born, AnD J.C. RTTON. 1994, 12:432-440.

Mitochondrial DNA variation in Atlantic and Pacific walruses. 51. FoLmer, O., M. Back, W. Hoen, R. Lutz, aND R. VRIJENHOEK

Canadian Journal of Zoology 72:1035-1042. 1994. DNA primers for amplification of mitochondrial cyto-
34. GroniN, MLA., W.J. $EARMAN, R.L. WiLmorT, J.C. RTTON, AND chrome c oxidase subunit | from diverse metazoan invertebrates.

J.W. Bekram. 1993. Mitochondrial DNA variation in Chinook Molecular Marine Biology and Biotechnology 3:294-299.
salmon Oncorhynchus tshawytschand chum salmor®. ketg 52. Forwany, A., B. GResTANELLO, S. ManTOvANI, B. LivorEL, L. ZanE, G.
detected by restriction enzyme analysis of polymerase chain BertoreLLE anD L. Conaiu. 2005. Identification and characterization
reaction (PCR) products. Canadian Journal of Fisheries and Aquatic of microsatellite markers in Hermann'’s tortoi$egtudo hermanni
Sciences 50:708-715. Testudinidae). Molecular Ecology Notes 5:228-230.

35. CQUNNINGHAM, J., E.H.W. Barp, E.H. HarLEY, anD C. O'RyaN. 53. Franciscq A. 2001. Contrasting population structure of the
2002. The investigation of geneticdiversity in severely fragmented loggerhead turtléXaretta caretthusing mitochondrial and nuclear

geometric tortoisesPsammobates geometrigugopulations. DNA markers. M.S. Thesis, University of Florida, Gainesville.
Conservation Genetics 3:215-223. 54. FReepserg S., M.A. Bverr, B.J. RoenHour, M. Nemman, anp C.E.

36. Desmos A.C., J.F. BRryam, B.L. SruarTt, aND R.M. Brown. NEeLson 2005. Nesting fidelity and molecular evidence for natal
2005. The phylogenetic position of the recently rediscovered homing in the freshwater turtl&raptemys kohniProceedings of the
Philippine forest turtle (Bataguridakeleosemys leytengisPro- Royal Society Biological Sciences Series B. 272 1345-1350.

ceedings of the California Academy of Sciences 56:31-41. 55. FRiesen V.L., B.C. Gonepon, H.E. WaLsH, anp T.P. Brr. 1997.

37. Duba R, T.F.anD S. Rumel. 1999. Developmental shiftsand  Intron variation in marbled murrelets detected using analyses of
species selection in gastropods. Proceedings of the National Acad-single-stranded conformational polymorphisms. Molecular Ecol-
emy of Sciences of the USA 96:10272-10277. ogy 6:1047-1058.

38. Dupa, T.F.J.AanD S. Rwumer. 1999. Developmental shifts and 56. Fritz, U., M. BaraTa, S.D. Busack, G. FRitzscH AND R. CasTILHO.
species selection in gastropods. Proceedings of the National Acad-2006. Impact of mountain chains, sea straits and peripheral popu-

emy of Sciences of the USA 96:10272-10277. lations on genetic and taxonomic structure of a freshwater turtle,
39. Bbwarps, T. 2003. Desert tortoise conservation genetics. M.S. Mauremys lepros@reptilia, Testudines, Geoemydidae). Zoologica
Thesis, University of Arizona, Tucson. Scripta 35:97-108.

40. Bowarps, T., C.S. GLDBERG, M.E. KaprLaN, C.R. SHWALBE, AND 57. Fritz,U., A. Gapl, M. CHEYLAN, C. Goic, M. DETAINT, A. OLIVIER,
D.E. Swann. 2003. PCR primers for microsatellite lociinthe desert  E. RoseccHy D. Guicking, P. LEnk, U. JbceRr AND M. Wink. 2005.
tortoise Gopherus agassizilestudinidae). Molecular Ecology Distribution of mtDNA haplotypes (cyt b) &mys orbicularisn

Notes 3:589-591. France and implications for postglacial recolonization. Amphibia-
41. Bowarps, T., C.R. SHwaLsg, D.E. Svann, AnD C.S. BLDBERG. Reptilia 26:231-238.

2004. Implications of anthropogenic landscape change on inteb8. iz, U., T. FaTTIZZO, D. GUIicking, S. TriPEP, M.G. Rennisi, P.

population movements of the desert tortozegherus agassizii Lenk, U. bcer anp M. Wink. 2005. A new cryptic species of pond

Conservation Genetics 5:485-499. turtle from southern Italy, the hottest spot in the range of the genus

42. Engstrom T.N.anD W.P. McCorb. 2002. Molecular support for EmygqReptilia, Testudines, Emydidae). Zoologica Scripta 34:351-
the taxonomic conclusions of McCord and Pritchard (2002), 371.
regardingChitra. Hamadryad 27:57-61. 59. Fritz, U., D. Gicking, P. LEnk, U. bcer anp M. Wink. 2004.



138 Defining Turtle Diversitys Chelonian Research Monographs, No. 4 — 2007

Whenturtle distribution tells European history: mtDNA haplotypes Das. 2001. Phylogenetic relationships among the Asian tortoises
of Emys orbicularigeflectin Germany former division by the Iron  of the Genudndotestudo(Reptilia: Testudines: Testudinidae).

Curtain. Biologia, Bratislava 59/Suppl.:19-25. Hamadryad 26:272-275.
60. Fritz, U., P. SRoky, H. Kami, ano M. Wink. 2005. Environmen- 78, Jnzen, F.J., S.L. ldover ano H.B. Siarrer 1997. Molecular
tally caused dwarfism or a valid speciesFéstudo weissingeri phylogeography of the western pond tur@efmmys marmorala

Bour, 1996 a distinct evolutionary lineage? New evidence from preliminary results. Chelonian Conservation and Biology 2:623-626.
mitochondrial and nuclear genomic markers. Molecular79. bhunston E.E., M.S. Rnp, AnD S.G. ZveireL. 2006. Detection

Phylogenetics and Evolution 37:389-401. of multiple paternity and sperm storage in a captive colony of the
61. Fuata, M.F., T.N. Bicstrom D.E. SARKEY, aND H.B. SHAFFER central Asian tortoiselestudo horsfieldiiCanadian Journal of
2004. Turtle phylogeny: insights from a novel nuclear intron. Zoology 84:520-526.
Molecular Phylogenetics and Evolution 31:1031-1040. 80. KicHLER, K., M.T. HoLper, S.K. Drvis, R. MarQuEZM, anp D.W.
62. Gaur, A., A. Reppy, S. ANNAPOORNIL, B. SATYAREBALA, AND S. Owens 1999. Detection of multiple paternity in Kemp's ridley sea

SHivaal. 2006. The origin of Indian Star tortoisé&sepchelone turtle with limited sampling. Molecular Ecology 8:819-830.
elegan} based on nuclear and mitochondrial DNA analysis: A81. King, T.L.anp S.E. dLian. 2004. Conservation of microsatellite
story of rescue and repatriation. Conservation Genetics 7:231-240. DNA flanking sequence across 13 Emydid genera assayed with
63. GeorcEs A., J. BrreLL, K.M. Saint, W.P. McCorp, anp S.C. novel bog turtle Glyptemys muhlenbergiloci. Conservation
DonneLLan. 1998. A phylogeny for side-necked turtles (Chelonia:  Genetics 5:719-725.
Pleurodira) based on mitochondrial and nuclear gene sequen8@. KocHer T.D., W.K. THowmas, A.T. MEYER, S.V. EbwaRDS, S.
variation. Biological Journal of the Linnean Society 67:213-246. Passo, F.X. ViLLaLanca , anD A.C. WiLson. 1989. Dynamics of
64. GravBeeaL, A.1994. Evaluating the phylogenetic utility of genes:  mitochondrial DNA evolution in animals: amplification and se-
A search for genes informative about deep divergences amongquencing with conserved primers. Proceedings of the National
vertebrates. Systematic Biology 43:174-193. Academy of Sciences of the USA 86:6196-6200.
65. GroTH, J.G.anD G.F. BsrrowcLoucH 1999. Basal divergences 83. Krenz, J.G., G.J.P. NLor, H.B. SiaFrer AnD F.J. ANzEN.
in birds and the phylogenetic utility of the nuclear RAG-1 gene. 2005. Molecular phylogenetics and evolution of turtles. Molecular

Molecular Phylogenetics and Evolution 12:115-123. phylogenetics and Evolution 37:178-191.
66. Guicking, D., U. RRitz, M. Wink, anD E. LEHR. 2002. New data  84. Kuo, C.anp F.J. dnzen. 2004. Genetic effects of a persistent
on the diversity of the Southeast Asian leaf turtle g&yatemys bottleneck on a natural population of ornate box turilegépene
Bell, 1834. Molecular results. Faunistische Abhandlungen, Mu- ornatg). Conservation Genetics 5:425-437.
seum fur Tierkunde Dresden 23:75-86. 85. Kuraku, S., J. $Hama, C. NsHibA-UMEHARA, K. AGATA, S.
67. Hare, M.P. 2001. Prospects for nuclear gene phylogeography. Kuratani, anp Y. MaTtsuba. 2006. cDNA-based gene mapping
Trends in Ecology and Evolution 16:700-706. and GC3 profiling in the soft-shelled turtle suggest a chromosomal
68. HauswaLpt, J.Sanp T.C. GEnn. 2003. Microsatellite DNA loci size-dependent GC bias shared by sauropsids. Chromosome Re-
from the Diamondback terrapiM@laclemys terrapij Molecular search 14:187-202.
Ecology Notes 3:174-176. 86. Kuraku, S., R. Wupa, anD S. KuraTani. 2005. Comprehensive
69. HauswaLpt, S.Janp T.C. GEnN. 2005. Population genetics of  survey of carapacial ridge-specific genes in turtle implies co-
the diamondback terrapilélaclemys terrapip Molecular Ecol- option of some regulatory genes in carapace evolution. Evolution
ogy 14:723-732. and Development 7:3-17.

70. Hepces S.B., R.A. NissBaum, AND L.R. Maxson. 1993. Caecil-  87. Lawvg, T. anp C. Lypearp. 1994. A molecular phylogeny of the
ian phylogeny and biogeography inferred from mitochondrial gopher tortoises, with comments on familial relationships within the
DNA sequences of the 12S rRNA and 16S rRNA genes (Am- Testudinoidea. Molecular Phylogenetics and Evolution 3:283-291.
phibia: Gymnophicna). Herpetological Monographs 7:64-76.  88. Laws, T., C. Lypearp, R.B. WALKER, AnD J.W. GeBONS. 1994.

71. Hepces S.B.anp L.L. Pouing. 1999. A molecular phylogeny of Molecular systematics of map turtl€réptemys A comparison

reptiles. Science 283:998-1001. of mitochondrial restriction site versus sequence data. Systematic
72. Hius, D.M., C. MoriTz, anp B.K. MasLE. 1996. Molecular Biology 43:543-559.

systematics. Sinauer Associates, Sunderland, MA. 89. Lame, T. anp M.F. Osentoski 1997. On the paraphyly of
73. Hoexert, W.E.J., H. NMurgcLisg A.D. ScHouten, ano S.B.J. Malaclemysa molecular genetic assessment. Journal of Herpetol-

MEenken. 2002. Multiple paternity and female-biased mutation at ogy 31:258-265.
a microsatellite locus in the olive ridley sea turtledidochelys  90. Lg, M., C.J. RxworTHy, W.P. McCorob, AnD L. MERTZ. 2006. A

olivaceg. Heredity 89:107-113. molecular phylogeny of tortoises (Testudines: Testudinidae) based
74. Honoa, M., Y. Yasukawa, R. Hravama, ano H. Ora. 2002. on mitochondrial and nuclear genes. Molecular Phylogenetics and

Phylogenetic relationships of the Asian Box turtles of the genos Evolution 40:517-531.

sensu lato (Reptilia: Bataguridae) inferred from mitochondrial DNA91. Lenk, P., U. Ritz, U. bcer Anp M. Wink. 1999. Mitochondrial

sequences. Zoolical Science 19: 1305-1312. 19:1305-1312. phylogeography of the European pond tuleys orbicularis

75. Honpa, M., Y. Yasukawa, aND H. Ora. 2002. Phylogeny of the (Linnaeus 1758). Molecular Ecology 8:1911-1922.
Eurasian freshwater turtles of the getasuremysGray 1869  92. Lenk, P., U. dcer U. Fritz, P. HepricH, ano M. Wink. 1998.

(Testudines), with special reference to a close afinNeafremys Phylogeographic patterns in the mitochondrial cytochrome b gene
japonicawith Chinemys reevesilournal of Zoological Systemat- of the European pond turtl&Erfys orbiculariy first results.
ics and Evolutionary Research 40:195-200. Mertensiella 10:159-175.

76. Hsien, H.-M., L.-H. Huang, L.-C. Tsal, C.-L. Ly, Y.-C. Kuo, C.- 93. Lenk, P.anp M. Wink. 1997. A RNA/RNA heteroduplex
T. Hsiao, A. LINACRE, AND J.C.-l. LEE. 2006. Species identification cleavage analysis to detect rare mutations in populations. Molecu-
ofKachugatectasing the Cytochrome b gene. Journal of Forensic lar Ecology 6:687-690.
Science 51:52-56. 94. Lesia, M., G.A. MaRGARETHA, D. HOFMEYR, AND M.E. D’AmATO.

77. Nerson J.B., P.Q. ks, H.B. SiaFrer, W.P. McCoRp, AND |. 2003. Genetic variation in threghersina angulatgangulate



EngsTROMET AL. — Turtle Primer Compendium 139

tortoise) populations along the west coast of South Africa. African tion 49:718-726.

Zoology 38:109-117. 112. NeAr, T.J., P.A. MeyLan, anp H.B. Siarrer 2005. Assessing
95. Lessa E.P.anp G. AppLeaum. 1993. Screening techniques for  concordance of fossil calibration points in molecular clock studies:

detecting allelic variation in DNA sequences. Molecular ecology an example using turtles. American Naturalist 165:137-146.

2:119-129. 113. NormaN, J.A., C. MbriTz, anD C.J. Limpus. 1994. Mitochondrial
96. Leutermz, T.E.J., T. lame, anp J.C. LmBerazA. 2005. Distribu- DNA control region polymorphisms: genetic markers for ecologi-

tion, status, and conservation of radiated tortoi€eo¢helone cal studies of marine turtles. Molecular Ecology 3:363-373.

radiata) in Madagascar. Biological Conservation 124:451-461. 114. Gsentosk, M.F. ano T. LamB. 1995. Intraspecific
97. LianTs, S., A.M. KamARAINEN, K. T. SCRIBNER, AND J.D. GONGDON. phylogeography of the gopher tortoi§&ppherus polyphemus

2004. Isolation and cross-species amplification of seven RFLP analysis of the amplified mtDNA segments. Molecular

microsatellite loci fromEmydoidea blandingiiMolecular Ecol- Ecology 4:709-718.

ogy Notes 4:300-302. 115. Gsentosk, M.F., S.W. Mbckrorp, J.M. WRIGHT, M. S\NYDER,

98. Lvorel, B.anp A.C.van DER KuyL. 2005. Genetic analysis of T.B. Herman, anD C.R. HicHEs 2002. Isolation and characteriza-
mitochondrial DNA variation in eastern and western African tion of microsatellite loci from the Blanding’s turtiemydoidea
spurred tortoiseszeochelone sulcataChelonian Conservation blandingii. Molecular Ecology Notes 2:147-149.

and Biology 4:951-954. 116. Rvgo, S. 1990. Amplifying ancient DNA. Pages 159-166 in PCR
99. LoyTynosa, A. anp N. GoLbman. 2005. An algorithm for pro- Protocols, a Guide to Methods and Applications (M.A. Innis, D.H.

gressive multiple alignment of sequences with insertions. Proc. Gefland, J.J. Sninsky, and T.J. White, eds.). Academic, New York.

Nat. Acad. Sci. USA 102:10557-10562. 117. Rce, R.D.M.anp E.C. HbLmes. 1998. Molecular Evolution: A

100. ManEL, S., P. BrRTHER AND G. LuikarT. 2002. Detecting Phylogenetic Approach. Blackwell Science, Oxford.
wildlife poaching: identifying the origin of individuals with Baye- 118. Rikovacs, E.P., J. @LacH, AND A. Caccone 2002. The
sian assignment tests and multilocus genotypes. Conservationevolutionary origin of Indian Ocean tortois&sgsochelys Mo-

Biology 16:650-659. lecular Phylogenetics and Evolution 24:216-227.

101. ManTzIoU, G., A. AnToniou, N. PouLakakis, G. GoULIELMOS, 119. Rikovacs, E.P., M. MirscHNER C. Gorl, J. GERLACH, AND A.
C.S. TsicenopouLos T. Bnou, ano M. MyLonas. 2005. Isolation Caccone. 2003. Are the native giant tortoises from the Seychelles
and characterization of six polymorphic microsatellite markers in really extinct? A genetic perspective based on mtDNA and
the freshwater turtleMauremys rivulata(Testudines: microsatellite data. Molecular Ecology 12.
Geoemydidae). Molecular Ecology Notes 5:727-729. 120. Rrumsi, S., A. MarTIN, S. Pomano, W.O. MemiLean, L. Sricg,

102. Matsupa, Y., C. NsHiDA-UMEHARA, H. Tarul, A. Kurowa, K. AND G. GRaBOWsKI. 1991. The simple fool's guide to PCR, version
Yamapa, T. Isosg J. Apo, A. Fuawara, Y. Hrao, O. NsHIMURA, J. 2.0. University of Hawaii, Honolulu.

IsHiama, A. HavasHi, T. Suto, T. Murakami, Y. Murakami, S. 121. Rwumel, S.R. 1996. Nucleic acids II: the polymerase chain
KuraTani, anD K. AcaTa. 2005. Highly conserved linkage homology  reaction. Pages 205-247 in Molecular Systematics, 2nd ed. (D.M.
between birds and turtles: bird and turtle chromosomes are preciseHillis, C. Moritz, and B.K. Mable, eds.). Sinauer, Sunderland, MA.
counterparts of each other. Chromosome Research 13:601-615. 122. Rquette, S.R., G.D. Sorg, S.M. Bernekg, F.J. lapoinTg, E.

103. McCorb, W.P., J.B.\VERsON P.Q. $inks, AND H.B. SHAFFER Epwarp, anp E.E.J. louis. 2005. Characterization of polymorphic
2000. A new genus of geoemydid turtle from Asia. Hamadryad microsatellite markers for the endangered Malagasy radiated tortoise
25:20-24. (Geochelone radiajaMolecular Ecology Notes 5:527-530.

104. McLuckig, A.M., T. LamB, C.R. $SHWALBE, AND R.D. McCoRb. 123. RrHAM, J.F., C.R. ELomAN, AnD J.L. Boore 2006. The com-
1999. Genetic and morphometric assessment of an unusual tortoiseplete mitochondrial genome of the enigmatic bigheaded turtle

(Gopherus agassizipopulation in the Black Mountains of Ari- (Platysternoi description of unusual genomic features and the
zona. Journal of Herpetology 33:36-44. reconciliation of phylogenetic hypotheses based on mitochondrial
105. MeYer, A., T.D. KocHer P. BisasiBwaki, anD A.C. WIiLSON. and nuclear DNA. BMC Evolutionary Biology 6.

1990. Monophyletic origin of Lake Victoria cichlid fishes sug- 124. Rruam, J.F., J.R. Mcey, T.J. RrenFuss C.R. ELoman, O.
gested by mitochondrial DNA sequences. Nature 347:550-553. Turkozan, R. RLymeni, anp J.L. Boore 2006. The phylogeny of

106. MinpELL, D.P., M.D. SRrenson anp D.E. DmcHErF. 1998. An Mediterranean tortoises and their close relatives based on com-
extra nucleotide is not translated in mitochondrial ND3 of some plete mitochondrial genome sequences from museum specimens.
birds and turtles. molecular Biology and Evolution 15:1568-1571. Molecular Phylogenetics and Evolution 38:50-64.

107. MNDELL, D.P., M.D. $rensoN D.E. DMcHEFF, M. HASEGAWA, 125. RrHAM, J.F., W.B. #1son, K.H. Kozak, C.R. FELDMAN, AND H.
J.C. AsT,AND T. Yuri. 1999. Interordinal relationships of birdsand ~ SHi. 2001. New Chinese turtles: endangered or invalid? A reassess-
other reptiles based on whole mitochondrial genomes. Systematic ment of two species using mitochondrial DNA, allozyme electro-

Biology 48:138-152. phoresis and known-locality specimens. Animal Conservation
108. Mockrorp, S.W., L. McEacHERN, T.B. HERMAN, M. S\YDER, 4:357-367.

AND J.M. WRiGHT. 2005. Population genetic structure of a disjunct126. RrHAm, J.F., B.L. SuarT, R. Bour, anp U. Fritz. 2004.

population of Blanding'’s turtle§mydoidea blandingiiin Nova Evolutionary distinctiveness of the extinct Yunnan box turtle

Scotia, Canada. Biological Conservation 123:373-380. (Cuora yunnanensjsrevealed by DNA from an old museum
109. Moon, J.C., E.D. MCoyv, H.R. MusHinsky, AND S.A. KaRrL. specimen. Proceedings of Royal Society of London Biology

2006. Multiple paternity and breeding system in the gopher (Suppl.) 271:S391-S394.
tortoise,Gopherus polyphemudournal of Heredity 97:150-157. 127. Rearsg, D.E., A.D. A&npT, N. VALENZUELA, B.A. MILLER, V.

110. Moorg, M.K. anp R.M. BarL. 2002. Multiple paternity in CANTARELLI, AND J.W. Sres . 2006. Estimating population struc-
loggerhead turtleGaretta carettq nests on Melbourne Beach,  ture under nonequilibrium conditions in a conservation context:
Florida: a microsatellite analysis. Molecular Ecology 11:281-288. continent-wide population genetics of the giant Amazon river

111. Moorg, W.S. 1995. Inferring phylogenies from mtDNA varia-  turtle, Podocnemis expang&helonia; Podocnemididae). Mo-
tion: mitochondrial-gene trees versus nuclear-gene trees. Evolu- lecular Ecology 15:985-1006.



140 Defining Turtle Diversitys Chelonian Research Monographs, No. 4 — 2007

128. Rearsg D.E., R.B. Distrup, O. HERNANDEZ AND J.W. STES, R. x Cyclemys shanengigbrid (Testudines: Geoemydidae). Asiatic
2006. Paternity in an Orinoco population of endangered Arrau Herpetological Research 10:120-125.
river turtles Podocnemis expangBleurodira; Podocnemididae), 145. S$HwarTz, T.S.AnD S.A. KarL. 2005. Population and conserva-
from Venezuela. Chelonian Conservation and Biology 5:232-238. tion genetics of the gopher tortois€apherus polyphems

129. Rarsg D.E., F.J. Anzen, anp J.C. Anse. 2001. Genetic mark- Conservation Genetics 6:917-928.
ers substantiate long-term storage and utilization of sperm b$46. SHwartz, T.S., M.F. Gentosk; T. Lave, AnD S.A. KaRrL.
female painted turtles. Heredity 86:378-384. 2003. Microsatellite loci for the North American tortoises (genus

130. Rrez, M., R. Bour, J. LamBOURDIERE, S. SwaDI, AND M.C. Gopherugand their applicability to other turtle species. Molecular
BoisseLier 2006. Isolation and characterization of eight Ecology Notes 3:283-286.
microsatellite loci for the study of gene flow betwd@studo  147. Spoon, J.M., A. Gorces P.R. BwersTock, anp W.P. McCoRrb.
marginataand Testudo weissinge(Testudines: Testudinidae). 1997. Phylogenetic relationships of chelid turtles (Pleurodira:
Molecular Ecology Notes 6:1096-1098. Chelidae) based on mitochondrial 12S rRNA gene sequence

131. RRimveR, C.R., T. BRcE J. LinDELL, AnD G.P. SeTrRE 2002. variation. Molecular Phylogenetics and Evolution 7:55-61.
Single nucleotide polymorphism characterization in species witti48. &re, J.M., C.A. RiLLirs, anp J.B. Verson 2001. Molecular
limited available sequence information: high nucleotide diversity phylogeny and biogeographykinosternon flavescersased on
revealed in the avian genome. Molecular Ecology 11:603—-612. complete mitochondrial control region sequences. Molecular

132. Rrychitko, T.M. ano W.S. Moore 1997. The utility of DNA Phylogenetics and Evolution 18:149-162.
sequences of an intron from the beta-fibrinogen gene in phylogd-49. Sum, G., B.F. lang, D.P. MnpELL, AND R. Morais. 1994.
netic analysis of woodpeckers (Aves: Picidae). molecular Evolution ofthe WANCY region in amniote mitochondrial DNA.
phylogenetics and Evolution 8:193-204. Molecular Biology and Evolution 11:329-340.

133. RrycHitko, T.M. anp W.S. Moore 2000. Comparative evolu- 150. SiaFrer H.B., P.A. MevLan, AnD M.L. McKnigHT. 1997. Tests
tion of the mitochondrial cytochrome b gene and nuclear beta- of turtle phylogeny: molecular, morphological, and paleontologi-
fibrinogen intron 7 in woodpeckers. Molecular Biology and Evo-  cal approaches. Systematic Biology 46:235-268.
lution 7:1101-1111. 151. Sres, J.W., N.N. FzSmmvons, N.J. Dx Siva, ano V.H.

134. RrycHitko, T.M. ano W.S. Moore 2003. Alignment and phy- CanTareLLI. 1999. Conservation genetics of the giant Amazon
logenetic analyses of b-fibrinogen intron 7 sequences among avianriver turtle Podocnemis expans®elomedusidae) - inferences
orders reveal conserved regions within the intron. Molecular from two classes of molecular markers. Chelonian Conservation
Biology and Evolution 20:762—-771. and Biology 3:454-463.

135. R, Y.-G., Q.-L. BnG, Z.-F. WaNG, anD L.-W. NiE. 2005. 152. $inks, P.Q.anp H.B. Siarrer 2005. Range-wide molecular
Sequence and organization of the complete mitochondrial genome analysis of the western pond turtenfys marmorata cryptic
of the Chinese three-keeled pond tu@leinemys reevesicta variation, isolation by distance, and their conservation implica-
Zoologica Sinica 51:691-696. tions. Molecular Ecology 14:2047-2064.

136. RareLiarisoa, T., G. $iorg, S. BGBerg E. Louss, anp R. 153. $inks, P.Qanp H.B. Siarrer 2007. Conservation phylogenetics
Brenneman. 2006. Characterization of 11 microsatellite marker of the Asian box turtles (Geoemydidae, Cuora): mitochondrial
loci in the Malagasy big-headed turtl&rgymnochelys introgression, numts, and inferences from multiple nuclear loci.
madagascariensjsMolecular Ecology Notes 6:1228-1230. Conservation Genetics 8:641-657.

137. RoBerTs M.A., T.S. $HWARTZ, AND S.A. KarL. 2004. Global  154. $inks, P.Q., H.B. 8arrFer, J.B. VeErson AND W.P. McCoRbp.
Population genetic structure and male-mediated gene flow in the 2004. Phylogenetic hypotheses for the turtle family Geoemydidae.
green sea turtl&dhelonia mydgs analysis of microsatellite loci. Molecular Phylogenetics and Evolution 32:164-182.

Genetics 166:1857-1870. 155. Sarkey, D.E., H.B. $iaFFer, R.L. Burkg, M.R.J. FORSTNER

138. Roman, J.H.anp B.W. Bowen. 2000. The mock turtle syn- J.B. Verson F.J. dnzen, A.G.J. Riobin, anp G.R. U.tscH. 2003.
drome: genetic identification of turtle meat purchased in south- Molecular systematics, phylogeography, and the effects of Pleis-
eastern United States of America. Animal Conservation 3:61-65. tocene glaciation in the painted tur@hfysemys picjecomplex.

139. Powvan, J.H., S.D. &TtHUFF, P.E. MoLER, AND B.W. Bowen. Evolution 57:119-128.
1999. Population structure and cryptic evolutionary units in thel56. SewarT, D.T.anp A.J. Baker. 1994. Evolution of mtDNA D-
alligator snapping turtle. Conservation Biology 13:135-142. loop sequences and their use in phylogenetic studies of shrews in
140. Pogues S., C. Daz-Paniacua, anp A.C. Anbpreu. 2004. the subgenustrisorex(SorexSoricidae: InsectivoraMolecular

Microsatellite markers reveal multiple paternity and sperm storage Phylogenetics and Evolution 3:38-46.
in the Mediterranean spur thighed tortoilBestudo graecaCana-  157. SuarT, B.L. anp J.F. RrHam. 2004. Molecular phylogeny of the

dian Journal of Zoology 82:153-159. critically endangered Indochinese box turidra galbinifronk
141. Pooues S., C. Daz-Paniacua, A. PorTHEAULT, N. REREZ Molecular Phylogenetics and Evolution 31:164-177.

SANTIGOSA, AND J. HbaLgo-ViLa. 2006. Sperm storage and low 158. Suart, B.L. ano J.F. Rruam. 2007. Recent hybrid origin of

incidence of multiple paternity in the European pond tEtieys three rare Chinese turtles. Conservation Genetics 8:169-175.

orbicularis: a secure but costly strategy? Biological Conservationl59. Sinnucks, P. 2000. Efficient genetic markers for population

129:236-243. biology. Trends in Ecology and Evolution 15:199-203.

142. Ry, M.S., E. Grren D. SuitH, E. GsTRANDER AND R.K. 160. Tessier N., S.R. RouETTE, AND F.J. LapoinTE. 2005. Conserva-
WavnNe. 1994, Patterns of differentiation and hybridization in  tion genetics of the wood turtl&fyptemys insculpyan Quebec,
North American wolf-like canids revealed by analysis of Canada. Canadian Journal of Zoology 83:765-772.
microsatellite loci. Molecular Biology and Evolution 11:553-570. 161. VaLenzuera, N. 2000. Multiple paternity in side-neck turtles

143. Py, M.S., E. Grren D. SuitH, anp R.K. Wayne. 1996. Podocnemis expansavidence from microsatellite DNA data.
Molecular genetics of pre-1940 red wolves. Conservation Biology Molecular Ecology 9:99-105.
10,:1413-1424. 162. VaLeNzUELA, N., A. LECLERE, AND T. SHikano. 2006. Compara-

144. $Hibe, M., D. BarTH, AND U. FriTz. 2004. ArOcadia sinensis tive gene expression of steroidogenic factor@hnysemys picta



EngsTROMET AL. — Turtle Primer Compendium 141

andApalone mutic&urtles with temperature-dependent and geno-  implications for regional and wide-scale historical evolutionary
typic sex determination. Evolution and Development 8:424-432. forces. Molecular Phylogenetics and Evolution 14:152-164.

163.vaN bER KuyL, A.C., D.L.P. BiLLasINA, J.T. DEKKER, J. Mpas, 169. WiLLiavs, C.L., R.C. BusT, T.T. FeEnDLEY, G.R. TLLER JR., AND
R.E. WLLEMSEN, AanD J. GoupsmiT. 2002. Phylogenetic relation- O.E. Riopes R. 2005. A comparison of hybridization between
ships among the species of the gefiestudo(Testudines: Mottled Ducks Anas fulvigulad and MallardsA. platyrhynchos
Testudinidae) inferred from mitochondrial 12S rRNA gene se- in Florida and South Carolina using microsatellite DNA analysis.
guences. Molecular Phylogenetics and Evolution 22:174-183.  Conservation Genetics 6:445-453.

164.van peER Kuye, A.C., D.L.P. BiLLasiNA, AND F. ZORGDRAGER 170. Wink, M. 1995. Phylogeny of Old and New World vultures
2005. Mitochondrial haplotype diversity in the tortoise species (Aves: Accipitridae and Cathartidae) inferred from nucleotide
Testudo graecérom North Africa and the Middle East. BMC sequences of the mitochondrial cytochrome b gene. Zeitschrift fur
Evolutionary Biology 5. Naturforschung 50c:868-882.

165. WALKER, D., V.J. BRkEg, |. Barak, anp J.C. Anise. 1995. A 171. Wink, M., D. Guicking, anp U. Rritz. 2001. Molecular evidence for
comparison of mtDNA restriction sites vs. control region se- hybrid origin ofMauremys iversoriPritchard et McCord, 1991, and
quences in phylogeographic assessment of the musk turtle Mauremys pritchardMcCord, 1997. Zoologische Abhandlungen,
(Sternotherus mindrMolecular Ecology 4:365-373. Staatliches Museum fur Tierkunde Dresden 51:41-49.

166. WALKER, D., P.E. MLer, K.A. BuHLmanN, anD J.C. Anse. 1998. 172. Wy, P., K.-Y. Ziou, AnD Q. Yang. 1999. Phylogeny of Asian
Phylogeographic uniformity in mitochondrial DNA of the snapping freshwater and terrestrial turtles based on sequence analysis of 12S

turtle Chelydra serpentiaAnimal Conservation 1:55-60. rRNA gene fragment. Acta Zoologica Sinica 45:260-267.

167. WALKER, D., G. Grti, anp J.C. Anse. 1998. Phylogenetic  173. Zang, L., L. BarcELLONI, AND T. PaTARNELLO. 2002. Strategies
distinctiveness of a threatened aquatic tur8eei(notherus for microsatellite isolation: a review. Molecular Ecology 11:1-16.
depressus Conservation Biology 12:639-645. 174. Znroova, R.aND A. MEever. 1998. Cloning and characterization of

168. WEisrock, D.W.anD F.J. dnzen. 2000. Comparative molecular  amicrosatellite in the mitochondrial control region of the African side-
phylogeography of North American softshell turtié@#long: necked turtlePelomedusa subruf&ene 216:149-153.



Defining Turtle Diversity: Proceedings of a Workshop on Genetics, Ethics, and Taxonomy of Freshwater Turtles and Tortoises
H. Bradley Shaffer, Nancy N. FitzSimmons, Arthur Georges, and Anders G.J. Rhodin, Eds.
Chelonian Research Monographs 4:142-146 « © 2007 by Chelonian Research Foundation

Non-Standard Sources in a Standardized World:
Responsible Practice and Ethics of Acquiring Turtle Specimens for Scientific Use

RusseLL L. BUurke?, LINDA S. Forp?, EbGarR LEHR?®, StEVE M OCKFORD?,
Peter C.H. PriTcHARD °, Jose P.O. Rosapo?, DARRELL M. SENNEKE®, AND BRYAN L. STuarT”

1Department of Biology, Hofstra University, Hempstead, New York, 11549 USA [biorlb@hofstra.edu];
Museum of Comparative Zoology, Harvard University, 26 Oxford Street, Cambridge, Massachusetts 02138 USA
[ford@oeb.harvard.edu; jrosado@oeb.harvard.edul];
3Staatliche Naturhistorische Sammlung Dresden, Museum fir Tierkunde,
159 Konigsbriicker Landstrasse, 01109 Dresden, Germany [elehr@ku.edu];
“Biology Department, Acadia University, Wolfville, Nova Scotia, Canada B4P 2R6 [steve.mockford@speciesatrisk.ca];
5Chelonian Research Institute, 402 South Central Avenue, Oviedo, Florida 32765 USA [chelonianri@aol.com];
SWorld Chelonian Trust, 4N710 Sawmill Trail, Wayne, lllinois 60184 USA [rednine@earthlink.net];
"The Field Museum, Department of Zoology, Division of Amphibians & Reptiles,
1400 S. Lake Shore Drive, Chicago lllinois 60605 USA [bstuart@fieldmuseum.org]

AssTrACT. — Many of the world’s turtle species are seriously threatened in the wild, calling in question
the need to collect and preserve whole animals for research activities. However, there are new
opportunities for collecting samples from non-standard sources. In this paper we define standard and
non-standard materials and discuss guidelines for their ethical and responsible collection and use.

Key Worbps. — Reptilia; Testudines; turtles; tortoises; ethical collecting; non-standard materials;
standard materials; legal requirements; laws; regulations

Many of the world’s turtle species are seriously threatcumstances. Non-standard samples in conjunction with stan-
ened in the wild by habitat destruction and overexploitatiordard samples can allow for greater samples sizes, especially
by humans (Thorbjarnarson et al., 2000; van Dijk et al.for hard-to-find or rare species. Non-standard samples are
2000). This decline increases the urgency for studies on tludten of limited value, but in some circumstances non-
conservation, systematics, and population biology of turtlesstandard samples may be all that are available. For example,
and calls in question the need to collect whole animals fathe Southeast Asian box turtlesora mccordiC. picturatg
these research activities. In addition, the threatened statusaridC. zhouiare known to biologists only from commercial
some populations and species makes destructive samplitrgde specimens and remain unknown in the wild (Parham et
of turtles for research even more difficult to justify. Theal., 2004; Stuart and Parham, 2007).
exploitative use of turtles for food, traditional medicine,
religious purposes, and pets ironically creates new opportu- Definitions of Standard
nities for collecting research samples from non-standard and Non-Standard Materials
sources. This paper defines ‘standard’ and ‘non-standard’
material for use in scientific research on turtles, addresses Scientific researchers sample biological material
ethical issues, and sets out guidelines for responsibly calrom turtles for a variety of purposes, including ecologi-
lecting and using these materials. cal, population genetic, systematic, and genomic studies.

We preface this discussion with the explicit recognitionTypically, this material is obtained by the researcher or
that it is the responsibility of individual researchers to bean agent under his/her supervision, by collecting indi-
aware of and to comply with the relevant laws and regulaviduals in the wild, recording data on the circumstances
tions of the jurisdictions where samples are collected andf collection, and depositing the material, usually in
transported. We also explicitly recognize that ethical deciassociation with a voucher specimen (see Lehn et al.,
sions are ultimately the responsibility of the researcher2007), in a natural history repository institution where it
Ethical issues are contentious, and even among the authasscurated for long-term preservation, and made avail-
of this paper there are varying opinions on particular issuespble to other researchers. Hereafter, such materials with
therefore this paper represents a consensus of our opinioicsear and documented provenance are referred to as
We present it as a discussion of the specific issues and ‘&tandard materials’. Among other uses, such specimens
offer some general guidelines for making ethical decisionsare used to verify taxonomic identifications and to docu-

While we advocate minimizing the sacrifice of animalsment where and when the species was found.
for science, we are not proposing thatthe use of non-standard Non-standard sources of material may include live
samples replace standard methods of collection in all ciler dead turtles from the pet trade, markets, zoos, private
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collections, salvage (such as trophies and trash), phacellecting non-standard specimens usually requires the
macies, tourist items, archeological and anthropologicadame permitting procedures as for standard specimens.
artifacts, and other sources (see Pritchard, 2007). Thes® some cases, export of non-standard materials is even
might be obtained eithein-situ (within the species’ more restricted than that of standard materials because of
range) orex-situ(outside the species’ range). Two key their perceived value as “genetic resources” (Duellman,
features of non-standard specimens are that they do n©999).
always require the sacrifice of a specimen, and they may Specimens should only be collected under humane
not have been collected by either the researcher or gmwotocols, and where appropriate, previous approval should
agent of the researcher. Therefore non-standard spedie obtained from Institutional Animal Care and Use Com-
mens are often of unknown, uncertain, or very generalmittees or Animal Ethic Committees. Researchers should
ized provenance. While many non-standard material®llow professional protocols, such as the “Guidelines for
have traditionally been accepted by museums, such méJse of Live Amphibians and Reptiles in Field Research”
terials have become significantly more important aghttp://www.asih.org/pubs/herpcoll.html). If lethal collect-
systematic research has added molecular approachesing is necessary, extra effort should be made to sacrifice
the traditional morphological research that historicallyhumanely,because turtles are very resiligftritchard,
placed greater emphasis on whole specimens (e.q2007). Finally, researchers have a responsibility to publish
Engstrom et al., 2002). or otherwise disseminate their results to the people, organi-
The use of non-standard specimens is particularly imzations, and regulatory agencies that might make use of their
portant to turtle biology because of some special characteresults. Hopefully, this would help avoid unnecessary dupli-
istics of turtles. Turtles are often large-bodied, makingcation of sampling efforts, thus minimizing impacts of
handling, preservation, and curation of whole specimengesearch on wild populations.
difficult. They have a relatively late age of maturity and low
offspring survivorship, typically resulting in low recruit- Ethics of Non-Standard Material Collection
ment levels and low sustainable harvest levels. These demo-
graphic characteristics typically form the basis for objec-  Although standard specimens usually provide the most
tions to collecting large series of specimens. Turtles areomplete information for use in research, in some circum-
often kept in captivity for long periods, and are often sold fostances using non-standard specimens presents ethical ad-
meat or medicinal purposes in either local or distanvantages over standard specimens. Examples of this ap-
markets.Thus, many turtle species are now more readilyproach include collecting salvage material from refuse sites
available through secondary means than through directr DNA from captive specimens, which might reduce the
capture in the field. These circumstances dictate that nomeed to remove individuals from vulnerable wild popula-
standard opportunities to collect specimens must be consitlens. Obtaining turtles from meat or pet markets may
ered. Incorporating non-standard specimens into researgnovide opportunities to build assurance colonies, thus al-
presents the further advantage of collecting data on a speciesving these individuals to make genetic contributions to
without sacrificing individuals, an important considerationfuture generations. Non-standard sources such as markets

for endangered, rare, and legally protected species. may be valuable sources of natural history information, and
also may present opportunities for scientists to present the
Researchers’ Responsibilities case for conservation (Shine et al., 1998, 1999; Pritchard

2007). In all such cases, we encourage authors to be explicit

Collection of both standard and non-standard speciabout circumstances of acquisition of specimens utilized in
mens entails many ethical, legal, and practical issuesesearch, for example, pet trade or wildlife trade specimens
(Duellman, 1999). In consideration of these complicatedghould be identified as such in publications.
issues and regardless of historical practices, all speci- Many museums have accepted market-collected speci-
mens must be obtained and transported only in complimens in the past, and this practice will probably become
ance with all relevant regulations and laws in all perti-more common as markets become more prominent sources
nentjurisdictions. Regardless of the type of specimens tof specimens. Researchers should make every effort to avoid
be collected, itis the responsibility of the researcher to bpaying for specimens because of the possibility that they
familiar with all applicable regulations and laws and tomight stimulate eithen-situ or ex-situmarkets, thus nega-
follow them completely. This task may be difficult, tively impacting wild populations. This risk might be re-
especially where multiple countries, states, and agenciahiced if the source is an already existing market, rather than
may have jurisdiction and conflicting interests. In manya situation where the purchase of a sample may create a new
cases, legal collection and possession of biological mamnarket. It is important to note that market-obtained speci-
terials requires that researchers obtain permits, whicmens are subjectto laws that regulate collection for scientific
often require significant time and effort in advancepurposes and international transport, even though the same
(Duellman, 1999). Researchers should be aware thamaterials may be legally sold locally for consumption or
most regulations and laws apply to parts of animals in thether uses, or sold illegally but without significant enforce-
same way they apply to whole animals, and thereforenent effort. Another limitation of market-collected speci-
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mens is the lack of quality collection data. For example, theequires sacrifice of a few hatchlings, since they are often
unreliability of locality data associated with turtle speci-available in large numbers and have low survivorship in
mens allegedly purchased in markets has led to the erronedhe wild. In some cases it is possible to estimate the
assumption that some captive-produced hybrids representadmber of required specimens statistically on the basis
naturally occurring species, thus confounding conservatioonf a pilot study, thus reducing over-exploitation (Still,
efforts (Parham et al., 2001; Stuart and Thorbjarnarsori,982; Eckblad, 1991).
2003). We believe that ethical collecting is that which has no
Researchers may be tempted to conclude that if Enpact on the survival prospects of the population or species
species is sold in large quantities in markets, it must band does not needlessly cause injury or death to individual
abundant in the wild. This is not necessarily true—rardurtles. With the availability of non-standard specimens, itis
species are sometimes temporarily common in marketppropriate to re-evaluate standard specimen collecting for
because a few centers of abundance have been disc@mome types of research on turtles. For example, 50 years ago
ered and exploited unsustainably by commercial interdiet studies were accomplished by collecting large series of
ests. For examplé,eucocephalon yuwonogéndemic to turtles and examining their stomach contents by dissection.
the island of Sulawesi in Indonesia, appeared in larg&oday stomach flushing and fecal sample analysis are stan-
numbers in Chinese markets for a short period of time&lard practice, reducing the need for lethal collecting for such
before becoming commercially extinct (Lau and Shi,studies. We recommend taking as few individual turtles as
2000). Conversely, common species may be rare inecessary for the scientific purpose intended, especially for
markets because of low demand. vulnerable and threatened species. When possible, collect-
One ethical issue associated with non-standard mang of reproductive females should be minimized because of
terials is the consideration of whether there are antheir value to the population. Before lethal collecting is
circumstances under which illegally collected speci-undertaken, it should be determined that a non-standard
mens may be used in scientific research. For examplapecimen will not suffice for the scientific purpose intended,
scientifically valuable photographs of specimens of unthat the samples needed are not already available in collec-
certain provenance may become available, or illegations, and if not, that a secure repository for the specimens to
specimens may be widely and openly available in marbe collected is identified. Those few museums that restrict
kets, and the researcher must make ethical decisions asthemselves entirely to turtles (including the Nanjing Turtle
whether any kinds of data, including strictly observa-Museum in China, the Chulalongkorn University Turtle Lab
tional, may be obtained. It might be argued that when and Museum in Thailand, the Leatherback Turtle Museum at
researcher acts without malice and does not stimulatelaya Grande, Costa Rica, and the Chelonian Research
markets, it is wasteful not to make use of availabldnstitute collection in Oviedo, Florida) have a uniform
specimens, especially when it does not entail furthepolicy of not sacrificing live turtles, yet some have large
losses from wild populations. A contrasting viewpoint isholdings that are extremely valuable for many kinds of
that once a specimen is collected illegally, its scientificscientific research.
value must be ignored so as not to encourage further While itis essential that researchers adhere to appli-
illegal activities. We could not come to consensus on thisable laws, this is not always easy to accomplish and can
issue, however, it should be noted that for liabilitybe frustrating. We have experienced situations where
reasons, many museums can only accept specimens widws are broadly stated, and therefore open to multiple
demonstrable legality. interpretations and practice; where they conflict with
Sometimes a researcher may subsample a specimeammon sense; where multiple agencies have seemingly
(such as taking a small amount of tissue for DNA analysisgonflicting regulations; and where regulations to protect
while knowing that the specimen is likely to be maintainedesources inadvertently and nonproductively impede sci-
in captivity. In such cases the researcher should make eveswtific inquiries. For example, one of us (RLB) recently
effort to ensure that the individual animal is photographedhegan a research project with the goal of establishing the
and uniquely marked for future identification, so that uporpopulation of origin of diamondback terrapins
its death, it can be deposited in an appropriate museum agMalaclemys terrapipsold in food markets in Chinatown,
voucher. Data associated with the previously collectedNew York City. This research necessitated collecting
subsample should be provided to the museum; in this wayssue samples from terrapins that were legally pur-

the non-standard and standard materials are linked. chased in markets by a third party. A wildlife conserva-
tion officer later informed RLB that while the purchase
Ethics of Standard Material Collection of the live terrapins for food was legal, taking blood

samples from the purchased terrapins required a permit
There are situations where sacrificing turtles may béjust to be safe”. Another of us is aware of situations
necessary. For example, type specimens of named tawdere collecting whole animals is relatively easily per-
should be deposited in a permanent collection where thayitted, but collecting tissue samples for genetic research
may be examined by other researchers. In other circuntequires additional permits that are difficult to obtain. In
stances, it may be acceptable to conduct research thetme countries it is currently legal to export animals for
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the pet or wildlife trade, but illegal to export standard oruse of reputable dealers)”. Furthermore, “Submitted studies
non-standard specimens for scientific research. Also, thihat obviously deviate from acceptable practices, when
Museum National d'Histoire Naturelle (Paris) has a num-noted by the editorial staff, are subject to rejection.” In many
ber of important turtle specimens, including the typecases these goals can be accomplished by requiring museum
specimens of botlEmys geoffroyanaand Testudo accession numbers for specimens, given that most museums
gigantea,that were taken from the King of Portugal’s now require legal documentation before accepting speci-
collection by Napoleon’s forces nearly 200 years aganens. Another positive outcome of this recommendation
(Wilcken, 2004). By modern standards, these specimensould be that specimens would be deposited in museums
are not “legal”, but they are invaluable nevertheless antefore results are accepted for publication. Finally, while we
cannot be ignored. recognize the growing relevance of intellectual property
Furthermore, situations exist where scientific collect-rights issues to this discussion, we feel itis beyond the scope
ing is prohibited but regulation of large-scale commerciabf our discussion.
consumption is not enforced. Species will continue to de-
cline in the face of protective regulation if those regulations Recommendations
do not target the major sources of population decline and are
not uniformly applied. We recognize the necessity of intel- 1. Every researcher must make his/her best effort to be
ligent discretion at the point of application of conservationaware of all laws and regulations (LARS) relevant to his/her
law, but too often we observe that activities genuinelyesearch. We are aware that some relevant LARs may be
harmful to the persistence of populations or speciesd®ve relatively unknown, and we describe examples where LARs

factoexemption. are confusing and even contradictory, but LAR investigation
should be considered part of field research.

Our Influence and Recommendations 2. Some of us felt that it was reasonable to collect

on Existing Regulations and Laws specimens in some cases where LARs are confusing,

contradictory, or even grossly unfair. These authors

Many turtle researchers have played important roles ipointed out that in these circumstances it is not possible
the development of laws, regulations, and treaties designéd identify a procedure by which all LARs can be fol-
to protect wildlife in general and turtles in particular. Welowed meticulously, and that therefore some options can
hope to continue to influence these regulations in an atmdse considered permissible while others are not. Some of us
sphere of mutual respect. We wish to emphasize the nofelt that following both the spirit and the letter of LARs was
commercial nature of our work, and would point out tonecessary, because non-compliance with any part of the
regulators charged with protecting natural resources that WeARs leaves the researcher and associated institution open
share their goals. Unfortunately, regulations concerningo legal consequences. These authors felt that where LARs
biological samples often block legitimate research withoutvere not clear, field research was not advisable until LARs
advancing species protection, and are sometimes unnecegere clarified officially. All of us recommend that scientists
sary. We believe authorities should make all efforts to makadvise and work with regulators to clarifyARs so that
confiscated material available to the scientific communitythese ambiguities are resolved.
rather than destroy it. Similar consideration also should be A case in point is the opportunistic discovery of rare
given to material that may have been held by individuals osalvage material of obvious value to science, but where
in private collections that is later being offered for scientificcollection of such material is illegal under comprehensive
use, though the legality of the original acquisition of sucthans on wildlife collecting of any kind. Authorities and
material should be ascertained. institutions in such countries may be able to receive such

We believe that collecting for scientific purposes shouldmaterial once it has been explained what the material is and
not require permits more elaborate than those for collectinghy it is valuable. Where LARs are confusing, contradic-
for commercial purposes. Permits for sampling that does noory, or appear to unfairly discriminate against scientific
involve removing or threatening individuals in the wild collecting, we encourage scientists to work with relevant
should be granted readily for accredited research. authorities to correct these problems. We point out that, at

We hope that journal editors and peer reviewers willeast theoretically, regulatory agencies and scientists share
work to encourage legal compliance in the publishing ofmportantgoals, and this should provide common ground for
scientific works, in an effort discourage those who break theesolving difficulties.
law, and we recommend that authors be required to state that 3. We strongly encourage the use of non-lethal collection
materials utilized in submitted papers were acquired legallwherever this will provide appropriate materials for research.
to the best of their knowledge. For example, the instructionAdult turtles are especially important to the persistence of wild
for submissions to the journblerpetologicarequire that populations, and therefore removal or sacrifice of adults,
article submissions be accompanied by letters indicatingspecially adult females, is to be particularly discouraged.
that “the authors have observed appropriate ethical and legal 4. We recommend that editors and reviewers require
guidelines and regulations...when obtaining subjects, esp#hat authors state the source of their specimens (both stan-
cially endangered species (e.g., proper collecting permits alard and non-standard material) where practical, that au-
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thors list permits for any collections made, and that scientific east Asian softshell turtles (Trionychidae: Chitra). Biological
works discussing specimens be required to publish museumConservation 104:173-179.

accession/catalog numbers. These recommendations neck?: M- Avo S, H. 2000. Conservation and trade of terrestrial and
sarily involve museums in the process of verifying that freshwater turtles and tortoises in the People’s Republic of China.

. . . In: van Dijk, P.P., Stuart, B.L., and Rhodin, A.G.J. (Eds.). Asian
researchers have obtained appropriate permits. ) ) )
d th di d . . Turtle Trade: Proceedings of a Workshop on Conservation and
5. We recommen that editors an rewewers_, regwre Trade of Freshwater Turtles and Tortoises in Asia. Chelonian
that authors verify that relevant approvals from Institutional research Monographs 2:30-38.

Animal Care and Use Committees or other official bodieg g, C., Dus, I., Forstner M.R.J. anD Brown, R.M. 2007. Respon-

were obtained prior to field work. sible vouchering in turtle research: an introduction and recommen-
6. Whenever non-standard or standard materials are dations. Chelonian Research Monographs 4:147-156.

collected, we recommend that researchers make every effditrHam, J. F., Snson, W. B., Kozak, K. H., FeLoman, C. R.,AND

to deposit voucher material in the permanent collection of a S, H. 2001. New Chinese turtles: endangered or invalid? A

recognized museum or similar institution along with all reassessment of two species using mitochondrial DNA, allozyme

appropriate field data. We encourage the use of photc)graphselectrophore5|s and known-locality specimens. Animal Conser-

i i ; P - vation 4(4): 357-367.
of specimensin the field and/or in life as part of the depositeg, . ., J(F) B L Suser. R. Bour ans U. Farz. 2004. The
field data. P BL » R : . . :

evolutionary distinctiveness of the extinct Yunnan box turtle
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ABsTRACT. — Voucher specimens are critical to the advancement of research efforts on turtles, and by
association, for conservation efforts associated with this group. This paper addresses the importance
of voucher specimens and provides recommendations for responsible practices associated with
voucher specimens. For the purposes of this paper, a voucher specimen is defined as a biological
specimen, the primary function of which is to provide verification for the taxonomic identification
assigned to an animal and any eventual published or reported scientific investigations associated with
it. A traditional voucher specimen for a turtle consists of a fluid-preserved specimen or a complete
skeleton and its associated data appropriately preserved for permanent storage and housed in a
curated collection for posterity. Although not optimal, a non-traditional voucher may also provide
verification for taxonomic identification and may include image or acoustic data, eggs or eggshells,
ortissue samples. Examples are given of when a traditional voucher specimen deposited in a curated
collection is recommended and when alternatives to the traditional voucher specimen, such agan
voucher, may be used. In addition, a worldwide survey of curated collections holding turtles was
conducted and the percentage of turtles represented in reptile collections is reported.

Key Worbps. — Reptilia; Testudines; turtles; traditional voucher specimen; non-traditional voucher
specimen;e-voucher; curated collection; tissue sample

Turtles (Order Testudines) comprise just 3.7% of allor subspecies (Wiley, 1978; Frost and Hillis, 1990; de
named extant reptile species (307 turtle species out of 824Queiroz, 1998, 1999). Over time, species concepts, criteria,
total named reptiles; Uetz and Hallermann, 2007). Extarand the characters used to distinguish species may change.
turtles are a highly distinctive group characterized by severdi is therefore not uncommon that a species description may
features, including a secondarily anapsid skull, a shell thdte reviewed and challenged over the years (e.g., Parham et
encloses both limb girdles, an external ear supported byal. 2001). Type specimens for new species and voucher
large, semicircular quadrate, and toothless jaws (Ernst argpecimens from published studies provide researchers with
Barbour, 1989; Meylan, 2001). Approximately 40% of all the option to use alternative methods or advancing technolo-
extant turtle species are considered threatened and listedgigs to re-examine previous descriptions or conclusions.
either Critically Endangered, Endangered, or Vulnerable byoucher specimens also allow independent verification
the IUCN - World Conservation Union (Khamsi, 2004; of the taxonomic identification of individuals used to test
IUCN, 2007). Key threats to turtles include direct mortalitythe hypotheses generated in the study (Reynolds et al.,
by collection for food, traditional medicine, and the pet1996). It is for these reasons that voucher specimens are
trade, in addition to incidental mortality caused by road killscritical to the advancement of research efforts on turtles,
habitat loss, and the introduction of predators and compet&nd by association, for conservation efforts associated
tors (van Dijk et al., 2000; Khamsi, 2004). with this group.

Species boundaries play a crucial roleinthe prioritization ~ This paper will address the importance of voucher
of conservation efforts for turtle taxa (Avise, 1989; Remsenspecimens and provide recommendations for responsible
1995; Reynolds et al., 1996; Sites and Crandall, 1997; Soltfgractices associated with voucher specimens.
and Gitzendanner, 1999; DeSalle and Amato, 2004). Tax-
onomists use many different characters, including morpho- The Definition of a Voucher Specimen
logical and/or molecular, in the delineation of species and/

A voucher specimen has previously been defined in the

! For the purposes of this paper, a turtle refers to all species included Ilt_eratu re by authors representing various biological disci-
in the Order Testudines, including turtles, tortoises, and terrapins. plines:
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Lee et al. (1982) stated that for a general biologication assigned to an animal and any eventual published or
voucher, ‘A voucher specimen is one which physically andeported scientific investigations associated with it. A tradi-
permanently documents data in an archival report by: 1)tional voucher specimen for a turtle consists of a fluid-
verifying the identity of the organisms(s) used in the studypreserved specimen or a complete skeleton and its associ-
and, 2). by so doing, ensures that a study which otherwisgted data appropriately preserved for permanent storage
could not be repeated can be accurately reviewed or reasnd housed in a curated collection for posterity. Although
sessed. not optimal, a non-traditional voucher may also provide

Yates (1985) defined a mammalian voucher specimewerification for taxonomic identification and may include
as one Which serves to physically and permanently docuimage or acoustic data, eggs or eggshells, or tissue samples.
ment data in an archival report by 1) verifying the identify ofPractical guidelines for the preservation of traditional voucher
the organisms(s) used in the study and 2) by so doingpecimens for reptiles and amphibians may be found else-
assuring the repeatability of the study which otherwise coulavhere (e.g., Simmons, 2002, and references therein).
not be repeated and/or accurately reviewed or reassessed. “Curated collections” refer to natural history museums
Thus, voucher specimens are the sole means to verify the other institutions with demonstrated long-term commit-
data documented in areport and to make historical compariments to biological collections, including adequate staffing,
son possiblé protection from physical hazards, appropriate storage for

Reynolds et al. (1994) in referring to amphibians despecimens and samples, accessibility to the specimens by
fined voucher specimens aSgecimens that permanently the research community, compliance with national and other
document data in an archival repbend described the role regulations, and written policies for collection management
of vouchers, including tgdrovide a basis for verification of (Lee et al., 1982). The practice of holding specimens in
identifications and thereby duplication of a stuidy. private and/or stand-alone collections or on solely web-

Reynolds et al. (1996) in discussing mammals definethased and/or temporary databases is strongly discouraged.
voucher specimens aSpecimens that permanently docu- Collections such as these are short-lived and are typically
ment data in an archival report. Such specimens and corredependent on one individual’s commitment, not an
sponding data assembled during field studies of mammalg)stitution’s, and therefore the prospects for long term pres-
particularly the small and medium-size species that arervation of specimens is not secure (Corthals and DeSalle,
difficult to identify and often poorly known, are critical for 2005; Hanner et al., 2005). Lists of curated collections may
accurate identification of the animals studied and for veri-be found in Dessauer and Hafner (1984), Leviton et al.
fication of the data gathered and reported as resulting fron{1985, 1988), Prendini et al. (2002), and Corthals and
the investigatiori. DeSalle (2005).

Winker et al. (1996) stated with regard to voucher = The minimum required information for a specimen
specimens of birds thafThe study skin is the basis for accessioned and catalogued into a curated collection in-
identification in birds — not tissue specimens. When tissuedudes: a uniqgue sample designation, date and time of
are collected, good scientific procedure requires that acollection, sex, name of collector, taxonomic identification
voucher specimen (i.e. a specimen that enables the identifind standard measurements, in addition to any other relevant
cation of accompanying material) be preserved and deposnformation regarding the collection of that specimen (Lee
ited in a research collection. Voucher specimens serve at al., 1982; Reynolds et al., 1996).
quality control for phylogenetic and population genetic Avoucher specimen should accompany any study when
analyses based on tissues.” the scientific name assigned to individuals is significant to

Huber (1998) defined voucher specimens of invertethe content or results of the paper (Reynolds et al., 1996;
brates in the broad sense asll'.biological specimens Barkworth and Jacobs 2001). A published scientific study
having the minimum information of collection locality (ide- which lists all “specimens examined” within the publication
ally specified by latitude, longitude, altitude) and date thatprovides that study with the potential for repeatability, a
are preserved to document biological research, includingasic tenet of scientific practice (Ruedas et al., 2000).
taxonomic research. Ideally, within the publication the authors should list the

Barkworth and Jacobs (2001) defined plant vouchecollection where the specimen is stored and its catalog
specimens as “.specimens that are made from the biologi-number, in addition to the locality information, date of
cal entities used in a research project and deposited in aollection, and name of collector (Prendini et al., 2002).
recognized, active herbarium or museum.” A search of nucleotide submissions to GenBank® on

GenBank® (http://www.ncbi.nlm.nih.gov/projects/ the National Center for Biotechnology Information’s website
collab/FT/index.html; for the submission of sequence datajhttp://www.ncbi.nim.nih.gov/) highlights some of the is-
defines a specimen voucher‘as identifier of the indi-  sues related to vouchers and their importance with regard to
vidual or collection of the source organism and the placdurtles. Our core nucleotide search for Testudines, con-
where it is currently stored, usually an institution. ducted on 15 October 2007, found that 1311 sequences out

For the purposes of this paper, a voucher specimen & a total of 6751 (approximately 19%) provided voucher
defined asa biological specimen - the primary function of specimen information. Over one-half of these submissions
which is to provide verification for the taxonomic identifica- were associated with one author (768/1311). Approximately
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one-half of these submissions were tissue samples (620A4d not yet been catalogued. The percentage of turtles
1311) and a great majority of these samples (616/620) werepresented in reptile collections ranged from 0% up to 32%,
associated with one author. One-third of these submissiongth an average of 5% representation (Appendix I).
(436/1311) were deposited during the first ten months of  One major systematic collection for turtles, the Chelonian
2007 and no voucher specimens were associated with deesearch Institute, Oviedo, Florida has nearly 11,150
guences submitted to GenBank® prior to 2001. catalogued and 300 non-catalogued specimens of turtles
An example highlighting the importance of voucher(P.C.H. Pritchardpers. comn). On the other side of the
specimens and of providing the resources necessary for tepectrum, a few collections reported a few or even no turtle
repetition of a study was found in a review of the aforemenspecimens in their collection. Wildlife Heritage Trust of Sri
tioned 6751 sequences. In Cervelli et al. (2003), sequentanka, the largest systematic collection in Sri Lanka, reported
data was submitted to GenBank® for 16 chelonian specienp turtles, and attributed this to the fact that none of the staff
however it was found that one of the sequence accessitiave worked on the group (R. Pethiyagqurs. comn).
numbers, that listed f@yclemys dentatgdJ310188), was Low figures were also found in regional collections located
actually the sequence f@ncorhynchus mykisa rainbow in areas with relatively depauperate or poorly studied turtle
trout. We were unable to locate any sequence data faunas (e.g., Pakistan, the Philippines, Israel, and Iran).
GenBank® folCyclemys dentatassociated with this manu- While the size of a collection (= total number of
script (Cervelli et al.,, 2003). By providing information catalogued specimens) is an important consideration in
relating to voucher specimens in the publication, ideally fojudging the importance of a particular collection, other
both traditional specimens and for tissue samples, Cervelli &ictors may also be taken into account, including taxonomic
al. (2003) would have provided subsequent researchers théversity, geographic representation, and historical
ability to verify the data presented in their paper. collections (particularly type specimens). Using these criteria,
There are several possible reasons for reluctance kymaller, regional holdings, particularly those that are national
researchers to collect and preserve turtles as a traditionapositories, may be deemed important as repositories of
voucher specimen, including: 1) because turtles are londurtle voucher specimens.
lived (Gibbons, 1987); 2) copious amounts of formalin are  The prominent factors behind the acquisition of turtle
required to preserve a large specimen (Forstner etal., 1998pecimens for a collection have been identified by this
3) it may be difficult to find museum collections with survey as individual research interests, as well as geographi-
adequate storage space, especially for large specimens (Garally determined turtle diversity and abundance. Critical for
1989); 4) concerns that sacrificing animals impacts populahe advancement of knowledge, as well as for the continued
tions (Shine, 1996; Stuebing, 1998; Patterson, 2002), arekistence and support for natural history museums, these
lastly, 5) there may be an unwillingness to sacrifice animalspecimens, once collected and accessioned into a curated
held as pets. These concerns should be carefully weighedllection, should be utilized for research and the museums
against the increased value of the data associated with thad the specimens subsequently cited in publications (Suarez
specimen and the potential for future research as well thend Tsutsui 2004).
overall importance of museum collections in general to
research and conservation efforts for all taxa (Remsen 1995; Traditional Voucher Specimens
Earl of Cranbrook 1997; Shaffer et al., 1998; Suarez and
Tsutsui, 2004). As mentioned above, upon accessioning and catalogu-
ing a traditional voucher specimen into a curated collection
Turtle Specimens in a minimal amount of information is required, however, it is
Natural History Museums Worldwide critical that as much information be associated with the
specimen as possible. For example, blood/tissue samples
We conducted a survey via email between Septembershould be taken before the specimen is preserved, as well as
December 2005 of selected museums in Africa, Asia, Euphotographs, recordings, etc. Table 1 provides examples of
rope, and North America, with known herpetological con-various voucher types and their characteristics.
tents, regarding their reptile and turtle holdings. Responses Description of Species. -When a new taxon de-
were received from 63 institutions and are compiled irscription (species or subspecies) is published or a revi-
Appendix |. Data quality (accurate specimen counts for totadion to current classification is recommended, a voucher
reptiles and total turtles and a low backlog of unregisteredpecimen should be deposited into a curated collection,
material) was best for North American museums; elsewhereyhether the published evidence is based on morphologi-
accurate counts were received only from a few of the majaral or molecular evidence or both. Although a (tradi-
museums. Most respondents from museums in Europe atidnal) holotype specimen housed in a curated collection
Asia mentioned that no electronic database existed for theis not a mandatory requirement by the Fourth Edition of
collections. Several could supply only a single catalogu¢he International Code of Zoological Nomenclature for
number for a series of specimens or jars containing sevemaéw taxon descriptions, itis nonetheless strongly recom-
specimens (these have not been listed), and two collectionsended (Wakeham-Dawson and Morris, 20D2bois
mentioned that a significant amount of additional materiahnd Nemésio, 2007).
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Table 1. Data characteristics and scientific value for variousfor the disposition of the animal upon its death and it is

voucher types. In this table, the quality and reliability of the .
voucher increase in scientific value as one moves down the list. Tﬁ@commended that all arrangements be made well in ad-

value of all vouchers is increased with the inclusion of field notesyance of the animal’s demise (Lehn, 2005). Itis also recom-
including habitat type, georeferenced locality data, date, collectomended that the animal be permanently marked, e.g., micro-
and standard measurements. chip or PIT tag, in order to ensure accurate identification in

Voucher General Category Scientific the future. A voucher specimen is also especially critical in
Type Data Characteristics Value those instances when provenance data are unavailable or
No Voucher unreliable, as is the case with many captive-held animals,
Sighting/Description Low including animals held by private collectors and/or pur-
Anonymous sighting chased from the pet trade, food markets, or from animal
g?:vﬁzwgemfsfg{imon dealers (Ruedas et gl., 2000). Private collectors and zoologi-
e-Voucher cal parks and aquariums should be encouraged to collaborate
Image/Recording Medium with a curated collection, especially in cases when very rare

Single photo

Diagnostic audio recordings
Diagnostic video recordings
Diagnostic photos (series) Medium-high Alternatives to the

and/or endangered animals are being held.

VOUChe{issue Traditional Voucher Specimen
Blood/ tissue sample (no photo)
Blood/ tissue sample (with photo) ~  High Although it is optimal to collect a traditional voucher
E':\s,gﬁ)S%rgﬁ{gf'é;’gﬂg‘éigggggﬁﬂgf; specimen in Fhe field and preserve itin a curated cqllection,
Traditional Specimen Voucher there are various reasons or circumstances when this may not
Diagnostic skeletal materials be feasible or deemed ethical. In these situations non-

Complete skeleton Very high

Fluid preserved complete specimen traditional alternatives may be preferred. Examples of non-

traditional vouchers may include image data (photographs,
either digital or hardcopy), acoustic data, eggs and eggshells,
Genetic Studies. When biological samples are used in and tissue samples (Monk and Baker, 2001).
systematic, taxonomic, and phylogeographic studies it is  To be valuable as a voucher specimen, a digital voucher
also recommended that traditional voucher specimens kere-voucher) should comprise an image showing the entire
accessioned and catalogued into a curated collection. Spegpecimen and/or body parts diagnostic for taxon identifica-
mens used in such studies should be listed in a tabléon (Reynolds et al. 1996; Barkworth and Jacobs, 2001;
appendix or text along with the accompanying museunMonk and Baker, 2001JFg. 1).One set of guidelines for the
catalogue number (Ruedas et al., 2000). In these studigshotodocumentation of turtles may be found in Bender
independent verification of the identification of the taxon(2001). In addition, a list of available resources for digital
will most likely be required by researchers revisiting relatedmaging and best practices may be found on the American
questions in the future (Reynolds et al., 1994). Museum of Natural History’'s website (http://
The importance of including voucher specimen infor-liorary.amnh.org/diglib/resources/index.html).
mation within publications is recognized by the Journal of  Limitations to Tissue Samples and DNA Barcoding. —
Herpetology in itdnstructions to Authorsvhich “requires  Although providing a blood/tissue sample as the sole voucher
that all submissions from researchers reporting results ¢ér a molecular study is preferable to providing no voucher
phylogenetic reconstruction and taxonomic decision bat all, these samples should be considered complements to
supplemented by in-text (if a shorter communication) othe traditional voucher specimen and not alternatives
appendix (if a major paper) reference to voucher specimengPeterson and Lanyon, 1992; Monk and Baker, 2001). By
(http://www.ssarherps.org/pages/JHinstr.php). making the tissue sample available to the research commu-
Rare Animals in Captivity. Animals housed in zoo- nity, future researchers are provided with the capability to
logical parks, aquariums, and private collections offer theepeat the molecular study, however, independent verifica-
researcher a valuable resource and may provide the onipn of taxonomic identification using morphological char-
readily available access to a specific taxon. Animals iracters is impossible using such vouchers (Ruedas et al.,
captivity may also have associated data, including beha2000). An additional limitation associated with a tissue
ioral observations, veterinary records, and reproductive cosample collected as a voucher is that its subsequent use is
dition and history, that are not available from animalsdestructive and will lead to its eventual consumption, it is
collected in the field and may be crucial to an interpretatiomherefore imperative that the researcher collect tissue in
of results. However, biological samples collected from liv-amounts sufficient for the immediate needs of the research,
ing captive animals and used to generate data for scientifits well as for the future needs of the community.
publications also pose a special situation with regard to  DNA barcoding promises to revolutionize taxonomic
voucher specimens and one for which the researcher mugentifications by using a single gene sequence from the
weigh the costs and benefits. Arrangements between thgitochondrial gene, cytochrome oxidase | (COI; Hebert et
owner of the animal and a curated collection should be mads., 2002) to uniquely identify species. At present, this is far
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from being a reality for many taxa, including turtles. a traditional voucher specimen from a representative indi-
GenBank’s® database currently holds only 107 sequencesdual for a locality or region. We strongly recommend,
for turtles for this mitochondrial gene and only 23 species ithowever, that researchers consider exhaustiabyichering
4 genera are represented. All of these sequences have assaeh individual from which a sample has been taken. This
ciated voucher specimens, however the majority of theseill allow forindependent verification of species identifica-
vouchers (58/107) are tissue samples. The barcoding initiéion of all samples included in the study. In cases where
tive will only be useful when all taxa from all geographical exhaustives-vouchering is not possible or too laborious, we
regions are represented by sequences and will then only bscommend that a photograph be taken of individuals repre-
useful to the extent that voucher specimens are available asdntative of the population, e.g., at each collection locality,
at the appropriate taxonomic level. Additionally, since theand of color or morphological variants. This practice will
mitochondria are inherited only through the maternal lin-alleviate problems that may arise subsequently with closely-
eage, the barcoding of a mitochondrial gene may not alwayslated taxa being inadvertently misidentified and sampled
be useful for the identification of hybrid individuals (Karl et and will greatly assist identifications in those cases when
al., 1995), which may be particularly relevant for some turtléndividuals are genetically divergent from all others in the
taxa[but see Spinks et al., 2004 and Stuart and Parham, 20&tddy.
for examples when mitochondrial DNA was useful iniden- ~ Damaged Specimens.Atraditional voucher may also
tifying hybrid individuals]. not be possible when genetic samples are taken from heavily
Population Studies. -An example when a traditional damaged or partially degraded roadkills or other
voucher specimenis not feasible or recommended from eacimsalvageable specimens. In such instances, if genetic
individual is for population genetic and phylogeographicsamples are taken, the dead animal should be photographed
studies when potentially hundreds of biological samplesnd standard collection notes and locality data (including
across the range of a single taxon may be collected. In thegeoreferenced positional data, if possible) should accompany
studies, researchers usually avoid sacrificing entire indithe photo (Monk and Baker, 2001). Additionally in these
viduals by using minimally invasive or non-lethal samplinginstances, any salvageable portion of the specimen (e.g., the
techniques to collect blood, skin, tail tips, shell, or toe clipskull) should be collected and deposited in a museum
(Haskell and Pokras, 1994). It may be appropriate to colleathenever possible.

Figure 1. Example of a digital voucher and associated data for a turtle spedhogania subplanasubadult male (straight carapace

length = 102.3 mm; straight carapace width = 83.1 mm; measurements including cartilaginous flap), from Sungei Pueh (04°43'38.5’
109°43'25.7"E, datum WGS 84), near Kampung Sebako, base of Gunung Pueh, Sematan District, Kuching Division, Sarawak, Malaysia
(Borneo). USDZ [IMG] 2.63. Body in dors@h) and latera{B) views; lateral view of heatC); and ventral aspect of plastr(in). Scale

markers = 20 mm. Photos: |. Das.
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Storage or Handling Concerns. #may also not be andinahumane fashion. Intoday’s international environment,
feasible to collect traditional specimens from extremelythere will be circumstances when collecting permits may not
large specimens because of storage space concerns in begranted by particular countries or permit-issuing authorities
museum’s collection (Gans, 1989) or for handling in thgPrendini et al., 2002). If researchers wish to document the
field, in these instances a digital voucher can be a suitabbiistribution of species or the occurrence of a given species
alternative to a traditional voucher specimen. in a particular area of interest, the alternative to collecting

Living specimens. —€aptive collections of living may be to adopt non-traditional vouchers. All vouchered
animals may provide very valuable resources for thespecimens, whether traditional vouchers or tissue samples,
researcher and considerations to be taken at the time ofustbe accompanied by the appropriate permits. If possible,
the animal’s death have already been discussed. Howevewnery attempt should also be made to deposit a portion of the
biological samples collected from living animals andcollected specimens into curated collections within the
used to generate data for scientific publications also posmuntry of origin (Reynolds et al., 1996). A more thorough
a special situation with regard to traditional voucherdiscussion of the legal and ethical concerns associated with
specimens (Monk and Baker, 2001). In these instancethe acquisition of animals for research may be found in
the live animal should be fully photo-documented, PITBurke et al. (2007).
tagged or marked by some other unique or individual-

specific identifying means, and an aliquot of the sample Summary and Conclusions
along with images and accompanying data should be
deposited into a curated collection. A traditional voucher specimen for a turtle consists of a

In some cases, a natural history museum may not Huid-preserved specimen or a complete skeleton and its
willing to accept or even be capable of accepting captivassociated data appropriately preserved for permanent stor-
specimens for reasons such as storage constraints, a lack of

valuable (Monk and Baker, 2001). _
As stated above, the impact on the population fronss
collecting animals for preservation is usually minimal S e

a given taxon that remain alive are so low that the collectio
of even a single animal may reduce the probability of i

“Lonesome George”Geochelond= Chelonoidi$ nigra
abingdon), the sole survivor of his subspecies (Nicholls
2004; Fig. 2). We recommend that in these rare cases, ng
traditional vouchers, especially photographic vouchering
(accompanied by complete data), be collected an
arrangements be made prior to the death of the animal
have it preserved in a curated collection immediatel
following its death.

Regulatory Restrictions. Fhere are numerous regions
and protected areas where collecting biological specimens|
prohibited by local law, but where the collection of non-
traditional vouchers may be possible (Prendini et al., 2002
In cases where specimens are sampled from protected ar{
or where a researcher wishes to document the presence
distribution of a species that cannot be colle@eauchers
are recommended. One might also envision cases whe
researchers make incidental or unexpected observations and , ) ,
where collecting the animal at that particular time may b{(l}geuorghze.lC;An.e{:hecshcélﬁ)ﬁgir&/gonrig:;h:bﬁ\%lgggfnalsslﬂgcsigg(r:tiglsse
illegal or otherwise unfeasible. In these instances images in tk&ssified by IUCN as Extinct in the Wild. This photograph was

form of e-vouchers are preferable to no documentation at altaken shortly before this individual was removed from Pinta
Island in 1972. The plight of this individual animal, popularly
. dubbed “Lonesome George,” is often evoked during debates of
Legal and Ethical Concerns the many ethical and philosophical issues associated with collec-
tion of voucher specimens in turtle systematics and taxongmy.
: o o . The bony shell of a specimen @f n. abingdonifound on Pinta
Any time a traditional or non-traditional voucher is in 1964 and deposited in the collection at Charles Darwin Re-

taken from an animal it is imperative that it is done legallysearch Station. Photos courtesy of P. Pritchard.
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age and housed in a curated collection for posterity. Th®liguel Lillo, Argentina (FML); Harold Voris, Field
importance of voucher specimens has been documented akidiseum of Natural History, Chicago, USA (FMNH);
appreciated by researchers in various disciplines for manjforsham binti Suhaina Yaakob, Forest Research Insti-
years, however, the practice of vouchering is still far frontute Malaysia, Kepong, Malaysia (FRIM); Judit Vords,
routine for researchers working on turtles. Many reasonslungarian Natural History Museum, Budapest, Hungary
may account for reluctance by researchers to sacrifice anfiHNHM); Boaz Shacham and Yehudah Werner, Depart-
mals for preservation in a curated collection, however, thenent of Zoology, Hebrew University, Jerusalam, Israel
value of such specimens for taxonomic verification andHUJ); Valery Eremchenko, Museum of Academy Sci-
repeatability of research in addition to the provisions ofnce, Kyrgyz-Russian Savic University, Kyrgyz Repub-
future research far outweigh many concerns. Digital photodic (KRSU); Christopher Cowell Austin, Lousiana State
raphy provides aviable option for non-traditional voucheringUniversity, Museum of Zoology, Baton Rouge, USA
techniques, particularly in the case of population studieLSUMZ); Luciana Barreto Nascimento, Museu de
involving large numbers of individuals. In addition, re- Ciéncias Naturais, Belo Horizonte, Minas Gerais, Brazil
searchers collecting samples from captive collections shouldMCN); José Paul Ovidio Rosado, Museum of Compara-
also be aware of the importance of obtaining voucher spedive Zoology, Harvard University, Cambridge, USA
mens. There are instances when there is no truly adequdddCZ); Andreas Schmitz, Muséum d’histoire naturelle
substitute for the deposition of a traditional voucher speciede la Ville de Geneve, Geneve (MHNG); Gilson A. Rivas
men into a curated collection, e.g., new taxon descriptionBuenmayor, Museo de Historia Natural La Salle, Caracas,
and phylogenetic studies. It is our hope that a strong emphs®enezuela (MHNLS); Daiana Ferraro, Museo de La
sis on the importance of voucher specimens by professionBlata, Buenos Aires, Argentina (MLP R); lvan Ineich,
colleagues and journals will strengthen an appreciation bylusée National d’Histoire Naturelle, Paris, France
the research community on the importance of voucher speqMNHN); Oleksandr Zinenko, Museum of Nature at V.
mens for responsible science. N. Karazin Kharkiv National University, Kharkiv,
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Museum (Country) Total Total %

Biological Diversity. Standard Methods for Amphibians. Wash- Reptiles Turtles Turtles
ington DC and London: Smithsonian Institution Press, pp: 66—7IAMS (Australia) 116,000 2,411 2.1
RevnoLps, R.P., Gomeig, R.W. McDiarmD ,anD T.L. YaTes. 1996. AMNH (USA) 149,687 8,527 5.7
Voucher specimens. In: D.E. Wilson, Cole, F.R., Nichols, J.D.B'\’\I/l:_\‘”\"/ll (:J'é) 12%8981 4'0088 ?g:
Rudram, R., and Poster M.S. (Eds.). Measuring and Monitorin AS (U(Srjo\)'a) 16’8,374 2464 15
Biological Diversity: Standard Methods for Mammals. Washing-cR| (USA) 11,450 11,450 100.0
ton DC: Smithsonian Institution Press, pp. 63-68. CIB (China) 14,300* 185 1.2%
Ruepas, L.A., Satazar-Bravo, J., Dracoo, J.W.,anD YaTes, T.L. CM (USA) 88,109 28,652 325
2000. The importance of being earnest: what, if anything, consti- FAE(()APSe'r:\Sngcuador) ) 03555%7 7$0 0048
tutes a “specimen examined?” Molecular Phylogenetics and Evi MNH (SSA) 118,’167 5870 4.9
lution 17(1): 129-132. FRIM (Malaysia) 578* 1 0.2*
SHAFFER, H.B., HscHEr R.N.,anD Davipson, C. 1998. The role of HNHM (Hungary) 3,163 145 4.6
natural history collections in documenting species declines. TrendsUJ (Israel) 21,000* 539 2.6*
in Ecology and Evolution. 13: 27-30. ﬁss(g(s%rgymstan) 13 f753809 c 22& Eg
Simmons, J.E. 2002. Herpetological collecting and collections many )7 (Japan) 47”000* 350* 0.7*
agement. Revised edition. Society for Study of Amphibians angd SUMZ (USA) 88,791 3,672 4.1
Reptiles. Herpetological Circular No. 31:1-159. MCN (Brazil) 2,157 23 1.1
SHiNg, R. 1996. Why scientists kill reptiles. Hawkesbury Herpetolo-MCZ (USA) 183,977 4,517 2.5
gist 10: 20-22. MHNG (Switzerland) 34,800’; 658 1.9
STESJR., J.W.AnD CrANDALL, K.A. 1997. Testing species boundaries MEPN IEQS(/(AYge gr(]etzirl::)la) 6502080 g% %g
in biodiversity studies. Conservation Biology 11(6): 1289-1297.\jNKhNU (Ukraine) 10,000* 100* 1.0*
SoLtis, P.S.AND GitzeNDANNER, MLA. 1999. Molecular systematics and MNHN (France) 110,000* 3,700* 3.4
the conservation of rare species. Conservation Biology 13(3): 471-488ISNM (ltaly) 4,004 774 19.3
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MVZ (USA)

MZB (Indonesia)
NMK (Kenya)
NHM (Denmark)
NHMC (Crete)
NHMK (Nepal)
NMB (Switzerland)
NMW (Austria)
NMNS (Taiwan)
NSMT (Japan)
NTNU (Norway)
OMNH (Japan)
PEM (South Africa)
PNHM (Pakistan)
PNM (Philippines)
QM (Australia)
RBINS (Belgium)
RMNH (Netherlands)
ROM (Canada)
RUZM (Iran)

SBC (Malaysia)
SM (Malaysia)
SMF (Germany)
SNHM (Germany)
TAU (Israel)

TMU (Norway)
TNHC (USA)

UF (USA)

UMMZ (USA)
USDZ (Singapore)
USNM (USA)
VNM (Vietnam)
WHT (Sri Lanka)
YPM (USA)

ZDEU (Turkey)
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99,031
8,902
8,100
407
5,000*
530*
23,400
40,640
4,500
38,000*
250*
2,200*
17,000*
2,000*
4,000*
43,011
51,120
34,060*
16,310
4,000*
111
1,728
87,000*
5,000*
14,422
38
31,088
80,513
134,421
6,165
175,388
5,650*
1,400*
15,049
13,936
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336
94
36
100*
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5,170
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86
10
34
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35
128*
1,853
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2
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3
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ZMA (Netherlands) 15,000-20,000* 506 3.4-25
ZMB (Germany) 70,000* 2,600 3.7
ZMH (Germany) 35,000* 1,200% 3.4*
ZMUC (Denmark) 40,000* 700* 1.8
ZSI (India) 25,622* 1,173 4.6*

!Carnegie Museum of Natural History (28,652 specimens, repre-
senting 32.5%), reported the highest number and proportion of
turtles (except for CRI at 100%), which is composed mostly of
embryological specimens from the work of its late Curator, Clarence
McCoy, 1935-1993 (see Bulletal., 1982; Vogt et al., 1982; McCoy
et al., 1983). Another large collection of mostly hatchling turtles
was received by Carnegie Museum from the embryological work
of Michael A. Ewert (1938-2005), butthese are yetto be accessioned
in the collection (S.R. Rogergers. comn). Other collections with
large holdings of turtles also represent a special interestin the group
by one or more former staff, e.g., at the United States National
Museum, Leonard Stejneger, and more recently, Carol Ruckdeschel,
Jack Frazier, George Zug and Tom Fritts [G. R. pegs. comnj,

at the Florida Museum of Natural History, Walter Auffenberg,
Archie Carr, John Iverson and Peter Meylan, and at the
Naturhistoirisches Museum, Wien, Friedrich Siebenrock (1853—
1925). Three respondents mentioned a lack of funding support for
their collections, hence the charge of herpetology given to other
Divisions. One major herpetological collection in Vietham has no
official status, and therefore its contents are to be dispersed after the
studies by its collector are completed. The survey did not specifi-
cally inquire about sea turtles, and suspect that this group, in
addition to other large-bodied group of turtles (e.g., gigantic
members of the Testudinidae and some Geoemydidae) would be
relatively underrepresented in collections. Gans (1989) mentioned
that museum curators are averse to accepting large turtles and
crocodilians in their collection, with the result that most of the
studies on internal anatomy of these species have been conducted
on juvenile specimens.
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ABsTRACT. — Approximately 40% of the living tortoises and freshwater turtles of the world are
considered threatened species and several are critically endangered due to a variety of anthropogenic
causes. Captive breeding and the creation of assurance colonies, with subsequent translocation, is an
important conservation strategy for some of these species and will likely become more important for
others. At present there is a diversity of programs, including those dorie-situ (within the natural
range of threatened species), oex-situ (out of natural range). Captive breeding occurs in large
commercial farms and small intensive non-commercial ventures. In order to help achieve success,
these programs need to include genetic management of their captive populations and understand the
genetic implications of their actions to eventual translocated wild populations. Concerns include the
loss of genetic diversity within small populations, including inbreeding depression and inappropriate
mixing of turtles belonging to different genetic lineages and loss of cryptic lineage diversity. Although
many captive breeding programs do notinclude genetic management of their populations at present,
those that do will have greater conservation value in the future. As wild populations of species
disappear, captive populations may provide stock for reintroductions. Comprehensive and consci-
entious record keeping and data management over the long time that populations are held captive
are of utmost importance. This paper reviews the various captive breeding and translocation
activities that can be put to use in the conservation of freshwater turtles and tortoises.

Key Worbs. — Reptilia; Testudines; captive breeding; turtles; tortoises; conservationin-situ
preservation; ex-situpreservation; translocation; Species Survival Plan (SSP); studbook

There are over 300 extant species of freshwater turtleSonservation Fund, 2002). To be successful, most of these
and tortoises worldwide, of which 136 taxa are listed aprograms will need to integrate high-quality husbandry,
threatened according to the 2006 IUCN Red List of Threathealth care, genetic management, and small population
ened Species. Worldwide, many species have been emanagement principles. Communication and cooperation
ploited indiscriminately without regard to sustainability andamong captive-breeding programs, conservation organiza-
many populations are declining. Six taxa are believed exions focused on protected areas, and university research
tinct and two are at least extinct in the wild. Thirty-one taxaefforts are critical parts of coordinated species recovery (van
are critically endangered (http://www.iucnredlist.org; TurtleDijk et al., 2000).

Conservation Fund, 2002). Turtle habitats may be frag- The translocation of wild populations has often been
mented, destroyed, developed, polluted, and invaded hysed as a mechanism to simply move individual animals out
exotic competitors and predators. Additional threats theypf the way of development or because of uncontrollable
face include harvesting as food, use in traditional medicinBunting.In many of these cases, the goal seems to be to save
(eggs, juveniles, adults, or body parts), and other commeindividual animals, and less emphasis has been placed on
cial trade collections (van Dijk et.aR000). Many species reestablishing viable populations. However, translocations
are also collected for the exotic pet trade. could also be used as a technique for achieving conservation

Captive breeding and the creation of assurance colonigmals.
will likely be one aspect of an overall conservation strategy  Reestablishing new populations or augmenting existing
for many species. These programs have historically beesnes in protected areas may be one of the long- term goals of
performed by zoos and government management autho@ssurance colony management. However, introducing turtles
ties; however, conservation organizations, in collaboratioto a new site—whether it be by translocating wild individu-
with individuals or community-level organizations, are play-als from another site or introducing animals from a captive-
ing an increasing role (Hudson and Buhlmann, 2002; Turtleeared assurance colony—should only be conducted after
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many factors are considered. These may include: 1) whethemall to maintain itself in the wild, is found outside protected
the initial cause(s) of decline have been remediated, 3reas, or continues to decline despite conservation efforts. It
whether the population will be protected from future loss ofs likely that the only way species in such circumstances can
habitat or illegal harvest or poaching, 3) whether the trandse prevented from going extinctis to maintain individuals in
location is attempting to establish a new population oartificial conditions under human supervision, often in fa-
augment an existing one, and 4) whether there is commitilities located at some distance away, including facilities
ment and support for monitoring to determine success (i.eoutside of the historic range of the species. This strategy is
site fidelity, survival, reproduction). These questions musknown asex-situor off-site preservation (Kleiman et al.,
all be answered before translocations or reintroduction$996, in Primarck, 2004).
occur. It is not the intention of this paper to discuss the The long-term goal of margx-situconservation pro-
concerns over translocation projects and the reader is rgrams is the eventual reestablishment of new populations in
ferred to the following papers on the subjé@bdd and the wild through reintroduction, when sufficient numbers of
Seigel, 1991; Griffith et al., 1989; Tuberville et al., 2005;0offspring are produced by assurance colonies and suitable
Wolf et al., 1996). protected habitat becomes availaldec-situ and in-situ
However, should translocation be deemed a viableonservation are complementary strategies. Thus, under
conservation strategy under certain circumstances, theppropriate design and management strategies the individu-
appropriate genetic management of assurance colony stoals produced byex-situ populations can be periodically
becomes a critical factor. It has been used as an augmentaleased into the wild to augment oregtablish extirpated
tion tool for small isolated populations; the introduction ofpopulations (Kleiman et al1996, in Primarck, 2004).
new co-specifics can alleviate genetic concerns such as There is a considerable range of interpretation as to
inbreeding depression. Translocation has been also usedwtat comprises agx-situorin-situprogram. Captive breed-
create additional populations in order to offset the loss ahg programs under artificial conditions established within
other populations. However, single translocation eventthe natural range of the species may technically repriesent
using small founding population sizes, may eventually resubitu efforts, but depending on the conditions such efforts
in founder effects, such as loss of alleles (variation), or fixingnight actually be better interpretedeassituconservation.
of certain alleles over several generations. Potential effecior our purposes we will considex-situprograms as those
of small population size and subsequent inbreeding includihat are either located outside of the natural range of the
reduced fecundity and survival rates; both of which havepecies, or that do not include regular exchange of animals
been observed in captive populations (Bodkin et al., 1999yvith a local wild population.
For captive breeding to be successfully applied to
Captive Breeding global turtle conservation, two important aspects are high-
lighted: 1) breeding programs must define the goals of each
The ideal strategy for the long-term protection of bio-project, whether it be reintroduction or simply increasing the
logical diversity is thén-situ protection of natural commu- numbers of individuals in captivity, and 2) record keeping is
nities, processes, and populations in the wild. Specificallygritical, including genetic data to facilitate an awareness of
this refers to protection of native habitat, and direct consethe evolutionary consequences of captive management.
vation measures for a species in its native range. Within the In-situ Headstarting Programs— These programs
context of captive breedingt-situ’ conservation refers to  include those efforts that take place in the wild environment
facilities that operate within the range of the species invithin the historical distribution of the species under man-
guestion and often strive to enhance the breeding successagfement (Table 1)n-situ headstarting and release pro-
nearby wild populations by enhancing juvenile survivorshipgrams may include 1) the collection of gravid females that
by “headstarting”. lay eggs in a protected environment, with subsequent release
In-situ preservation may not be effective if the lastof the adult female and hatchlings, and 2) the collection of
remaining population of a rare or endangered species is to@sts (clutches) and/or hatchlings from the wild environ-

Table 1.Examples oih-situconservation used for turtles and tortoises. Some of these projects represent historical activity and have varying
degrees of current activity.

Taxon Location Activity Reference
Aspideretes gangeticus  India headstarting P.P. van Dijk, pers. comm. 2005; Whitaker and Andrews, 1997
Batagur baska India, Malaysia headstarting Quinn, 2002
Callagur borneoensis Malaysia headstarting Sharma and Tisen, 2000
Chitra indica Chambal river, India headstarting Choudhury 2800
juvenile rearing

Gopherus agassizii Mojave Desert, USA nest protection Morafka, 1989
Gopherus flavomarginatus Mapimi, Mexico headstarting Aguirre et,dl997; Morafka et al., 1994
Podocnemis expansa Manaus, Brazil headstarting R.C. Vogt, pers. comm. 2005; Cantarelli, 1997

Orinoco River, Venezuela Licata and Elguezabal, 1997

Testudo hermanni Massif des Var, France headstarting Devaux and Stubbs, 1997; villagetortues.com
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ment that are moved into a protected environment and rearéalconservation-based captive breeding programs, butinten-
prior to release. These programs seek to diminish predatiaive health screenings and genetic analyses are necessary
on the vulnerable egg and hatchling life stages to increasince the origins of most individuals are unknown.
survivorship of these stages. These programs may be housed There are several successful exampl@s-situcaptive
within captive breeding centers with explicit conservationbreeding programs, including one to preserve the Madagas-
goals or at farms that have primarily commercial purposesar ploughshare tortoiséstrochelys yniphoraThe pro-
(food and pet trade). The program for protectioBathigur  gram has produced more than 100 captive-bred offspring in
baskain India and Malaysia is an example of the formersix years. Efforts have more recently been focused on
approach (Quinn, 2002). Each year thousands of eggs apeotection of some wild areas adequate for their reintroduc-
collected and incubated in artificial nests. The nests arton and several individuals have been released into the wild
protected protected from predation and confine the hatchlingenvironment (Durrell, 1994, 1998; Juvik et al., 1997).
The hatchling success rate is from 40-85%. When the Another example of this kind of program is being
animals are 4 yrs old, they are released into their respectie®nducted in Mapimi Biosphere Reserve in Mexico for the
river systems. Since 1968, more than 30,000 turtles hav@olson tortoiseiGopherus flavomarginatu§enetic samples
been released (Quinn, 2002). have been collected from tortoises to determine levels of
The northernred-bellied turtlBPseudemys rubriventris, variation, help with pairing recommendations, and to evalu-
has been the subject of a head-starting program in Massactaie new stock from zoos or the wild. (T. Edwanoksts.
setts, USA (Haskell etall997). In this program, hatchlings comm, 2006). Thirty-two tortoises have recently been re-
are collected from a single donor population, raised inntroduced to New Mexico, USA onto private land.
captivity and released at 9 months of age into several ponds. In-situ captive breeding and head-starting programs
Survival and growth of the head-started turtles is monitoretiave also been implemented at the Center for Herpetology/
and evaluated at each pond through annual recapture studiadras Crocodile Bank (MCB) in India. MCB has bred six
(Haskell et al 1997); it was found that the survivorship of species of Indian turtles and tortoises and has head-started
animals released during the first year of life was lower thaa large softshell turtléyspideretes gangeticusince 1987.
the survivorship of the animals released in following yearsDue to its ecological role as a scavenger, increasing popula-
A program that protects gravid females and nests of thigons of this species are also helping to improve the Ganges
Amazon river turtlePodocnemis expansig,conducted by river water quality (Whitaker and Andrews, 1997).
the government of BraziThe program releases thousands = One program that combinés-situ captive breeding
of hatchlings every year into the rivers, and genetic managevith ex-situbreeding is the conservation program of the
ment is considered through DNA analysis of animals at th&alapagos tortois&;helonoidis nigraThein-situ captive
differentlocalities (Cantarelli, 1997; R.C. Vogérs.comm.  breeding program began in 1974 with 14 animals of the
2005). subspecie€. n. hoodensi€l2 females and 2 males), and in
Genetic Concerns in Headstarting Programs. — In-1977 an additional male was added. Atthe Darwin Station on
situ head-starting programs provide the fewest genetic corBanta Cruz Island, eggs belonging to all different subspecies
cerns, as these programs include the collection of animatsf Galapagos tortoises are incubated, hatched, and head-
from natural nest sites with subsequent release of headtarted. Hatchlings from Santa Cruz tortoises are released in
started animals into the same area. However, human alteéheir natural environment, as part ofiassitu conservation
ation of the genetic structure of the population may occur iéffort, while those belonging to subspecies from Espafiola
the enhanced survivorship of hatchlings through head-starénd Pinzén islands are transferred to those islands, and
ing is only provided to a few gravid females. If space tareleased as part of ar-situconservation effort. A program
house and head-start hatchlings is limited, then an equtd eradicate goats from the islands aimed at restoring native
proportion of hatchlings from every clutch should be headvegetation is also being conducted (Cayot and Morillo,
started. Secondary genetic concerns of rearing hatchlings 1997) and illustrates the need for captive breeding programs
captivity include selection for survival in captive conditions, to work with land management programs.
but not necessarily conditions in the wild. Consideration of  In Europe, the species recovery program for Hermann’s
the potential for artificial selection, through diet, tempera+tortoise Testudo hermanhihas reintroduced more than
ture or other environmental conditions in captivity should bes000 tortoises to 15 different sites in southern France since
taken into account. Rearing in protected, but “semi-wild"1988. The reintroduced animals include a variety of age
enclosures or pond facilities prior to release can reducelasses. The program also integrates habitat management
artificial selection pressures while also minimizing the threatmeasures to ensure appropriate habitat conditions in the area
of predation. where these tortoises live (Devaux and Stubbs, 1997).
In-situ Captive Breeding Programs- These programs Genetic Concernsforin-situ Captive Breeding Programs
include management of small to relatively large populations— We have observed, at least in the case of the Central
in semi-controlled conditions within the natural range of theAmerican river turtleDermatemys mawin Mexico, and
species distribution. Throughout the world, animal rescu®atagur baskan Malaysia and Thailand, that appropriate
centers often harbor turtles that were confiscated frongenetic management may not be occurring in captive breed-
illegal trade. Turtles from these rescue centers may be usefalg programs. In the case Bfatagur baskathe animals
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of other endangered Galapagos tortoise subspecies (Burns et
al., 2003). In others, such as the Australian western swamp
turtle (Pseudemydura umbriparapid expansion of the
captive population and multiple reproductions by founders
are central to successful recovery (Burbidge and Kuchling,
1994).

Hybridization has recently become more of aconcernin
the captive conservation management of turtles, partly be-
cause the application of genetic markers has documented
previously unrecognized hybridization in wild populations
(e.g., Parham et.al2001; Georges et al., 2002). For such
issues, genetic investigations are critical to the integrity of
Figure 1. Dermatemys mawiirom a captive breeding farm in reintroduction projects (e.g., FitzZSimmons et 2002).

Tabasco, Mexico. This critically endangered turtle could be a Captive Breeding in Commercial Farming Programs
candidate species for reintroduction into rivers within its historic

range, but unsustainable hunting pressures must first be curtailed; Turtle farming is an economic activity, undertaken for
and phylogeographic genetic analysis performed on wild populafinancial gain and typically without conservation objectives,

tions as well as captive animals being considered for repatriationn at has affected native turtle populations in mostly negative
in order to ensure long-term viability of reintroduced and native ; .
populations. ways. In some cases, conservation efforts can be aided by the
reduction of wild harvest of a species, if a farming operation
coming from the Andaman Sea and the Malacca Strait could self-sustaining, as may be the case ®atagur baskan
be genetically different from the South China Sea populaMalaysia (H. Quinrpers comm 2005) oPelodiscus sinensis
tion. Since the captive offspring result from the mating ofelsewhere in Asia (P.P. van Dijlkers. comm 2005).
animals from these different regions, offspring may be pronelowever, farming species within their natural range seems
to out-breeding depression, and their fithess may be reduced. create pressure on the wild populations. As a species
In addition, offspring have been released at a number of sitb®€comes more rare, the economic value of that species
in Thailand, including places that are not appropriate fomcreases, usually resulting in local extirpation or at least
their survival (Quinn, 2002). commercial extinction of founder stock from the wild (van
In Mexico, more than 800 specimens of the CentraDijk etal., 2000). When farming is undertaken outside of the
American river turtldermatemys maw(Fig. 1) housed at native range of a species, intentional or unintentional re-
aturtle farmin Tabasco have been held together for breedingases may occur that produce new feral populations. For
in the same pond for several years without any consideratiamxample, in the farming dP. sinensisin Asia, escaped
of their genetic characteristics or location of origin. If thebreeding stock has established non-native populations in
offspring of these captive animals are to be introducethe Ryukyu Archipelago in Japan (Sato and Ota, 1999). In
within their natural range, they could actually reduce theChina, the three-striped or golden-coin turtleu¢ra
overall fitness of the natural populatiolmsing a new threat trifasciata) is farmed for traditional medicines. This has
to these already endangered populations (Frankham, et ahcreased the monetary value of the species, but farming has
2000; H. Quinnpers.comm, 2005). Unfortunately, in cases notreduced the collection pressure on wild populations (van
where founder stock originates gavernment confiscations Dijk et al., 2000). However, in Taiwan, small-scale farms
or donations via the pet trade, knowledge of the originalise local wild-caughauremys sinensias founders and
localities of individuals (founders) is usually unknown.  produce offspring for the pet trade and for repatriation back
Genetic investigation could potentially determine theinto ponds in local Buddhist temples and rivers (especially
geographic origin of individuals, but this is only possible ifthe Tansui River in Taiwan). These farms do not appear to
prior work has been done to identify phylogeographic gehave had negative effects on the wild populations (Ades et
netic structure among river systems or across landscapesd,, 2000).
and if these populations have unique genetic markers at a Turtle farms began operating at the turn of the last
relevant geographic scale (e.g., Roman et al., 1999; Berry eéntury in both Japan and the USA (Mitsukuri, 1904). In
al. 2002; Souza et.a002; Spinks and Shaffer, 2005). If this Tokyo, softshell turtles (most likelpelodiscussp.) were
is the case, then captive breeding programs can be conductaised as part of an enterprise that also included goldfish,
to maintain the genetic integrity of identified populations.carp, and eel as early as 1875 (Mitsukuri, 1904), and today,
However, in some cases the situation is so grave that fegentral Japan continues to supply the majority of the Japa-
individuals remain at all, and any reproduction supercedesese markets. The Asian turtle farming industry currently
these issues. The most extreme such example is the caseoafduces several turtle species for meat, including the softshell
Lonesome George, the sole surviving member of onturtle, P. sinensisin Japan, Taiwan, China, Singapore,
Galapagos tortoise subspeci€s,n. abingdoniiHere ge- Malaysia, Thailand, Vietnam, and Indonesia. In China and
netic studies are driving the search for the most closelyaiwan, these animals are extensively farmed, producing
related females to mate with him, as well as helping t®,000to 10,000 metric tons of turtles per year, and exceeding
establish the guidelines for captive breeding and repatriatiaihe amount of trade of wild-captured turtles in these areas
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(van Dijk et al, 2000). Another softshell turtllRalea  managers, because these animals may bring higher prices
steindachneris also farmed in China (P.P. van Dilers.  among collectors or they can be offered erroneously as
comm, 2005) as well &8uoratrifasciataMauremys mutica, “new” species (van Dijk et gl2000; Otapers. obg. These
and Mauremys sinensisghough to a lesser degree thanturtles have no value for conservation and may pose risks to
PelodiscugLau and Shi, 2000). In Malaysia, bd@thitra  the native populations if released to the wild. Unfortunately,
chitra andPelochelys cantoriare currently farmed for the itislikely notarare occurrence that some turtles escape from
pet trade (P.P. van Dijlpers comm, 2005). facilities. If the escaped captive-bred animals are hybrids or
In the USA, the diamondback terrapiMdlaclemys from different genetic lineages, they may alter the wild
terrapin) farming industry was developed by the Bureau ofpopulation through the introgression of foreign genes (Shi
Fisheries and private individuals during the early 1900s imnd Parham, 2000; Otpers. obg. In some cases, natural
North Carolina and Maryland. At present, there are no largedisasters, or simply the failure of a particular farm as a
scale commercial terrapin farms in operation in the USAusiness venture could lead to large numbers of animals
(Nash, 1991). However, the USA does have more than 2feing introduced into the natural habitat near a farm. Clari-
species of turtles produced by commercial breeders, almofitation of the taxonomic status for several questionable
entirely for the pet market, the primary species being the redaptive-bred forms remains urgent (van Dijk et 2000;
eared slidefTrachemys scripta elegari®ond cultivation of Parham et al 2001; Schilde et gl2004). Even if captive
the red-eared slider in Louisiana for the pet industry begaanimals are retained within commercial farms, once live
in the 1960s and while some fraction of the total eggsurtles are sold, whether as pets, for food, or other purposes,
hatched are still collected from wild populations or fromthere is absolutely no control over where they may end up in
founder females taken from the wild, the vast majority ofthe wild (e.g., Spinks et.aR003).
hatchlings sold are now from captive bred “semi-wild” Taken as a whole, commercial farming operations may
enclosures. States have wildlife laws that apply to individuahave conservation value in the future. Should entire wild
collectors and the commercial pet trade within the USApopulations of a species disappear, captive populations will
imposing size and number restrictions on wild-caught turtledye the stock used to repopulate the wild environment.
but the international export of many US species, includingsenetic analyses and management of these specimens are
red-eared sliders, snapping turtles, and softshells, is a sigrportant, and conveying this to commercial farm managers
nificant proportion of the overall market, and has not beeshould be a key strategy for creating and incorporating a
well regulated. conservation value for farming operations. Obtaining infor-
Genetic Concerns for Commercial Farming Programs mation about wild turtle populations and their underlying
—The primary concerns of commercial farming programgyenetic structure is an increasingly relevant conservation
are the successful reproduction and survival of foundegoal in helping to direct the management of captive popula-
stock, high fecundity, and high survivorship of eggs andions.
juveniles. Usually these farming programs do not include  Ex-situ Captive Breeding Programs- The majority of
genetic management of their population even though awareenservation-focused assurance colony projects are cur-
ness of the genetic consequences of captive managemeaintly conducted outside of the natural range of the target
could enhance commercial productivity (Lutz-Carillo et al.,species. Some of these programs involve the cultivation of
2006). However, genetic management in farms for higmon-native species in zoos (e.g., Asian brown tortoise,
fecundity and rapid growth or for novel forms may be inManouriaemysand impressed tortoiddanouriaimpressa,
conflict with conservation goals. Hybridization often occursMinnesota Zoo; black-breasted leaf turtleeoemyda
within farm facilities, and is even encouraged by farmspengleri, Denver Zoo; painted terrapirGallagur

Table 2. Examples of current and histoitesitu captive breeding programs for freshwater turtles and tortoises.

Taxon Location Activity Reference Comments
Astrochelys yniphora Madagascar Captive breeding Durrell, 1994, 1998; Reproduction and reintroduction
www.durrell.org
Batagur baska Malaysia Captive breeding  Quinn, 2002 Headstarting and release conducted
Headstarting for more than 20 yrs
Thailand Captive breeding  Quinn, 2002 No data
Chelonoidis nigra duncanensi€cuador Captive breeding  darwinfoundation.org Focused genetic conservation using
Chelonoidis nigra hoodensis Cayot and Morillo, 1997 related stocks and intense management
Chitra chitra Malaysia Captive breeding  chitrachitra.com Some releases completed and more
Thailand Headstarting Win Ko Ko et al., 2006 planned for next two years
Myanmar
Dermatemys mawii Tabasco, México  Captive breeding  Syed, pers. obs. No releases as yet

Gopherus flavomarginatus ~ New Mexico, USA Captive breeding T. Edwards, pers. com2005 No releases as yet, genetics
analyses of stock on-going

Hardella thurjii India Captive breeding  Choudhury et 2000 Reproductive success
Kachugasp India Captive breeding  Choudhury et 2000 Reproductive success
Pseudemydura umbrina Australia Captive breeding  Kuchling, 1997 Reproduction and reintroduction

Vijayachelys silvatica India Captive breeding  Choudhury et al., 2000 As yet limited success
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borneoensisk-ort Worth Zoo; river terrapilBatagur baska, Zoo, UK (Syedpers. obg; Galapagos tortois€helonoidis
Cleveland Metroparks Zoo; and Burmese star tortoisenigra, Henry Doorly Zoo,Omaha, Nebraska and San Diego
Geochelone platynot&ronx Zoo; Table 3). All of these are Zoo (both USA); flat-tailed spider tortoigeyxis planicauda,
small programs with conservation objectives, often perBronx Zoo; and Coahuilan box turtleerrapene coahuila,
formed in facilities under manipulated environmental con-Houston Zoo, Bronx Zoo, and Jersey Zoo (Cerda and Waugh,
ditions. 1992). Additional zoo programs in the USA and in Europe
In general, the same concerns can be applied to theaee listed in Table 3.
programs as tm-situ captive programs, with emphasis on We recommend thaix-situcaptive breeding programs
founder stock origin, population genetics, but with artificial established with the goal of potential reintroductions adhere
selection (i.e., different climate, temperature regime, nesto the following guidelines:
ing season) becoming increasingly importantforthese popu- 1) Undertake appropriate studies of geographic varia-
lations at these facilities (see Appendix 1). While naall  tion in morphology and genetics for the target species;
situ programs have the goal of successful reintroduction of  2) Establish the captive population with genetically
offspring to the wild, managing them as such providesppropriate stock;
greater conservation value. 3) Grow the captive population(s) to a secure size and
In North America, Australia, Europe, Japan, Newidentify the numbers of offspring, and age structure needed
Zealand, South Africa, and Central America, Species Sufer reintroduction;
vival Plans (SSPs) have been put in place for many endan- 4) Manage the founder captive population and produce
gered species (Wiese and Hutchins, 1994). These SSPs aftspring from the founders for as long as possible;
cooperative breeding and conservation programs that in- 5) Select offspring from founders for reintroduction;
volve coordinated management of all captive individuals  6) Select secure sites for reintroduction and address
held by cooperating institutions. Regional and internationalactors that caused the original population demise;
studbooks are used to make recommendations on which 7) Manage the reintroduced population in the wild
animals should breed, with what partner, how often, anthrough long term monitoring to determine success;
where offspring should be transferred for future breeding  8) Define reintroduction success, which should include
opportunities (Wiese and Hutchins, 1994; Frankham. et alsite fidelity, survival, and reproduction.
2003). To provide opportunity for use in reintroductions, all ~ Since the founder population size is usually small, it is
of these programs actively manage genetic diversity. Consenportant to understand husbandry techniques for the spe-
qguently, all SSP programs attempt to maintain as muchies. Management at the initial stage is often focused on
representation of a population’s wild genetic diversity adasic research to develop husbandry, and efforts to ensure
possible (Wiese and Hutchins, 1994). survival and reproduction of the founders. It is critical to
Among the ongoing SSPs involving turtles are pro-establish a system of individual identification (shell-notch-
grams for Egyptian tortoiselestudo kleinmanniJersey ing, PIT-tagging) and keep accurate records to insure that all

Table 3. Some turtle and tortoise studbooks currently (as of late 2006) in place in the USA. Many separate turtle and tortoise studbook
are keptin Europe by the European Studbook Foundation (www.studbooks.org) and Homopus Research Foundation (www.homopus.org).

Common name Scientific name Studbook keeper Institution

Patricia Shoemaker
Adam Stern

Alligator snapping turtle
Annam leaf turtle

Macrochelys temminckii
Mauremys annamensis

Houston Aquarium
Miami Metrozoo

Asian box turtles (8 spp.)
Asian brown tortoise
Black-breasted leaf turtle
Burmese star tortoise
Chinese stripe-necked turtle
Chinese three-striped box turtle
Coahuilan box turtle
Egyptian tortoise

Fly River (pig-nosed) turtle
Flat-shelled spider tortoise
Galapagos tortoise
Impressed tortoise

Indian star tortoise
McCord'’s box turtle

Painted terrapin

Pancake tortoise

Radiated tortoise
Red-necked pond turtle
Reeves’ turtle

River terrapin

Roti Island snake-necked turtle
South American river turtle
Spider tortoise

Cuoraspp.
Manouria emys

Geoemyda spengleri
Geochelone platynota
Mauremys (Ocadia) sinensis

Cuora trifasciata

Terrapene coahuila
Testudo kleinmanni
Carettochelys insculpta
Pyxis planicauda
Chelonoidis nigra
Manouria impressa
Geochelone elegans

Cuora mccordi

Callagur borneoensis
Malacochersus tornieri
Astrochelys radiata

Heather Lowe
Karla Anderson
Rick Haeffner
Bill Holmstrom
Alan Baker
Heather Lowe
Beth Moorhead
Karen St. John
Steve Conners
Michael Ogle
Ed Louis

Karla Anderson
Tommy Owens
Heather Lowe
Diane Barber
Andy Daneault
Bill Holmstrom

Mauremys (Chinemys) nigrican®ino Ferri
Mauremys (Chinemys) reevesii Dino Ferri

Batagur baska

Chelodina mccordi
Podocnemis unifilis
Pyxis arachnoides

Brad Poynter
Liz Burke
Tina Sals
Michael Ogle

Turtle Survival Alliance
Minnesota Zoo
Denver Zoo
Bronx Zoo
Charles Paddock Zoo
Turtle Survival Alliance
Houston Zoo
National Aquarium in Baltimore
Miami Metrozoo
Knoxville Zoo
Henry Doorly Zoo
Minnesota Zoo
San Diego Zoo
Turtle Survival Alliance
Fort Worth Zoo
Disney’s Animal Kingdom
Bronx Zoo
Jacksonville Zoo
Jacksonville Zoo
Cleveland Metroparks Zoo
Columbus Zoo and Aquarium
Brookfield Zoo
Knoxville Zoo
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founders are represented in subsequent generations. In floe female identification and clutches) or application of
maintenance stage, the population is managed at zero pomenetic marker systems to provide both maternity and pater-
lation growth, at a size determined by the genetic andity assignments for offspring (Moon et al., 2006) or to
reintroduction goals of each program. These healthy captiveelect appropriate breeders (e.g., Burns.e2@03).
populations will serve as reservoirs of genetic material and  Overall,ex-situmanagement requires intense manage-
sources for eventual reintroductions (Wiese and Hutchinsnent to alleviate the genetic issues associated with small
1994). Then, in the growth phase, the focus is on the rapjgbpulations. A variety of data management designs and
reproduction and expansion of the population in multipleanalytical tools are available to assist with this aspect of
facilities. husbandry. Some of these include conceptual frameworks
Genetic Management of ex- situ Captive Breeding Prolike studbooks and pedigree analysis, which can be data
grams. —For all speciespne consequence of captive intense and require a basic understanding of both inheritance
propagation is the reduction of the genetic variability of theand population genetics (Frankham, 1999). A studbook
captive population over generations due to random genetitatabase system records a given captive population’s history
drift and selection. Smaller populations will experiencein captivity (Primarck, 2004). These databases track all
some of these genetic effects (particularly drift) to a greatandividuals in the managed population. They provide a
degree than larger populations. In captive populations witdirect means of determining ancestry and relatedness of all
small numbers of animals, this process can quickly reducanimals in the studbook. Within the studbook each animal is
genetic variation, leading to an increase in homozygosity agssigned a unique numerical identifier or studbook number
well as the potential for inbreeding depression (Hedrick anthat provides the mechanism to track individuals, facilitate
Kalinowski, 2000; Frankham et.aR004). This can have population analyses, breeding designs, and recommenda-
negative effects on population persistence and has beéons. Relevant examples of freshwater turtles and tortoise
linked to increased rates of extinction in wild populations astudbooks are in Table 3.
well as in captive ones (Hedrick and Kalinowski, 2000; The studbook database enables analyses of the popula-
Frankham et al2004). In the long term, increasing homozy- tion that are otherwise impossible. Studbooks make possible
gosity may limit the ability of a population to adapt to futuresummary pedigree analyses based on the data assembled for
habitat changes. Captive populations therefore need to maititat captive population over time. Pedigree analyses of this
tain as much of the genetic variability of the foundingtype require significant information regarding founders,
population as possible (Frankham et, 2003). Which  parentage, offspring, and mortality. Hence, consistent and
founders reproduce, how many offspring they produce, andccurate record keeping is the single greatest advantage a
whether all founders reproduce before they die becomescaptive population can have alongside conscientious hus-
crucial aspect of subsequent genetic representation. bandry. Studbook data provide answers to questions such as
Several aspects of turtle and tortoise biology provid€1) what is the number of founders? (2) how is that original
advantages in achieving these genetic goals (Kuchlinggenetic variation distributed (on average) in the population
1999). Turtles and tortoises are long-lived vertebrates, wittbday? and (3) what is the genetic relationship among
reproductive ability expected for many years after achievingndividuals in the population?
adult size. By integrating the long reproductive life of turtles ~ Modern computer software also provides the opportu-
and tortoises into captive reproduction goals the long-termity to discern the pattern of genetic variation and determine
success of subsequent generations can be enhancedhmw well or poorly that variation is being retained in the
retaining as much of the founder variation as possiblepopulation (or may be retained) under a given management
Burbridge and Kuchling (1994) have successfully appliedstrategy. For example, two analyses, Gene drop (MacCluer
this strategy in the western swamp tortoRsgqudemydura et al, 1986) and Peeling (Cannings et 8078) simulate the
umbring recovery program. Founders are actively managedistribution and partitioning of genetic variation in the
to produce offspring for as long as possible, using as margopulation under various models of population growth,
different founders as possible. Thus, the F1 generatiodecline, or breeding. It is important to emphasize the depth
(which will retain the greatest amount of the founders’of time in these management programs. In designing and
genetic variation) is very large and quite likely to be genetitmplementing a captive management program for a species,
cally robust in representing the original genetic variation. the normal timeline seeks to maintain the founding genetic
Turtles in breeding programs should be individually identi-diversity for a minimum of 100 years.
fied for record keeping and reproductive history. A variety  For private collections the broader usefulness of captive
of means to accomplish this includes photo documentationreeding often relates to the ability to integrate with global
(Bender, 2001), physical shell marking (Cagle, 1939), anthanagement initiatives. From a genetic standpoint, the
metal tags or microchip implantation (Camper and Dixonsignificant number of captive specimens held by private
1988). Thus, itis possible and necessary to retain records fidividuals represents a potentially important resource base.
each individual and to follow the reproductive history of thelt is simultaneously a boon to resource allocation that these
population. Even in cases where individual matings may ndacilities are independently supported, but unfortunately, it
be easily identified (e.g., colony breeding designs), it mighpotentially represents a tremendous loss if record keeping is
be possible to use new technologies (nesting area web camsufficient to allow integration of these living collections
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into global conservation programs (Snyder et al., 1996). Awill be important to monitor the release population,

collaborations grow stronger, the expertise of private collecdsing techniques such as radio-tracking, to determine

tors and their considerable live holdings may be bettewhetherthe new individuals remain on site and become part

integrated with record keeping and population managemeunf the breeding population. As emphasized above, all pro-

strategies of zoos and aquaria. grams require that accurate and comprehensive records be
Itis also important to consider the time scale of the lifemaintained, and the availability of those records should be

span of turtles because often the owners die before thessured beyond the life of the program itself.

animals, hence private collectors are urged to collaborate

with professional organizations, if for no other reason than Conclusion

to establish a future home for the turtles (and records) after _ . . _
the owner’s death. As turtles and tortoises continue to decline, actions

toward conserving them are required through a combination
Translocation of traditional landscape-scale conservation efforts (i.e., pro-
tected areas) and by integration of captive management

Translocation is a generic term used to encompass afjograms into global designs. Captive management of any
release of animals in anew location (Caldecott and KavanagPecies requires significant consideration of the processes
1988). Konstant and Mittermeier (1982) suggested the folacting on the captive population. All small populations are
lowing definitions: subject to a variety of population genetic processes that can

Translocationthe capture and transfer of feral animalsact to decrease genetic variation over generations (Whitlock
from one part of their natural range to another, with minimagnd McCauley, 1990). Captive breeding designs and pro-
time spent in captivity. grams that seek to enhance conservation efforts must ac-

Introduction the release of animals into a habitat incount for and minimize these processes strategically over
which they have never occurred naturally. Introductionmany years. Explicit guidelines for genetic management of
usually involves wild-caught individuals, but may some-@ given turtle species or population depends on a number of
times be attempted with captive-born animals. Introductiorife history and population biology considerations, and will
may be intentional or inadvertent. vary for each taxon. It may be appropriate to recommend

Reintroduction the release of either wild caught or maintaining 500 star tortoise&¢ochelone elegahsn a
captive-born animals into an area in which they have eithegaptive colony (a species with a small adult size), but quite
declined or disappeared as a result of human pressures. another to suggest the same for giant river turtles (e.g.,

Frankham et al. (2003) defined translocation as th®rlitia borneensiy However, there are several guidelines
movement of any individual from one location to another aghat transcend the taxon-specific realities in management.
a result of human actions. This activity may eventually playt horough, dedicated, accurate record keeping for captive
an important role in turtle conservation. Tuberville et al.preeding programs is the single most important aspect nec-
(2005) concluded that translocation can be successfull§ssary to allow integration of those populations within a
implemented to relocate or repatriate gopher tortoisegonservation framework. The next crucial step is applying
(Gopherus polyphemyd heir study found that wild-caught those records to population management and actively seek-
adult tortoises are more likely to exhibit high site fidelity toing to overcome the subtle but relentless forces acting on the
the new location if they are subjected to long-term penningenetics of small populations. No effort toward the goal of
(9-12 mo) prior to release (i.e., removal of pen Wa||s);urtle and tortoise conservation should be wasted as re-
Following penning, site fidelity appears to remain high agources are too precious and the problems too vast, and we
long as habitat quality is maintained. Tuberville et al. (2005ust seek to do no further harm, either by catastrophe or by
also suggested that the most effective translocation teckailing to consider the genetics underlying the very popula-
niques and protocols will vary among species and require diPns we seek to conserve.
in-depth understanding of the species behavior and ecology. ] o
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structure. These principles for maintenance of a viable populatiorepeated in forming the F2 generation. However, it would be
over long periods of time will enhance the ability of these populaadvisable to produce a few F2s (through appropriate pairings,
tions to survive in the wild, if release programs are established ifollowing the above guidelines) prior to this to make sure it can
the future. be done.

A managed population should start with about 25-30 breed-
ing, founder (wild-caught) turtles, with an equal number of males GLOSSARY
and females. More are not necessary. Each founder pair should
produce at least 12 hatchlings (which will survive to adulthood) forassurance colonyCaptive population of a threatened species,
the managed population. Thus, the first generation population intended to maintain the long term genetic diversity of a species.
should contain around 150-180 individuals. Such a population is Eventually could be reintroduced within the wild environment,
necessary since not all hatchlings will survive to reproduce, and to ensuring the species or the population survival.
minimize genetic drift (random change of a population’s genetiCryptic lineagesTwo or more lineages that are morphologically

structure due to its small size). very similar; but show reproductive isolation, or clear genetic
Eight principles to follow when managing turtle assurance distinctiveness.
colonies: Ex-situ preservatiorrefers to maintaining individuals in artificial
1. Keep comprehensive, complete, accessible records for all conditions under human supervision, often in facilities located at
of the captive animals in the colony. some distance outside of the historic range of the species.
2. Avoid inbreeding the population for as long as possibleFounder stockFirst individuals used for reproduction in a captive
(more than 50 years is feasible). breeding program, originally taken from the wild environment.

3. Getall founders (wild-caught) to breed, have them produc&enetic drift Genetic changes and losses that occur by chance,
at least 12 hatchlings (F1s) per pair for the managed program (seeespecially evident in small populations.
Important Note above), and try to have the founders all contributgenetic lineageGroup of individuals with a number of genetic
about the same number of offspring . If possible, keep the founders characteristics unique to the group and different from other
in pairs, and don'tinterchange animals among pairs (i.e., retain the groups.
pairs throughout their lives). This may not be realistic for a numbeHeadstarting An in-situ preservation technique that attempts to
of reasons, butitis an optimal solution, if possible. If small groups preserve a species by reducing the exposure of eggs and or
are required (i.e., 1.2 or 2.3), keep these groups together withoutjuvenile animals to predation until after they have hatched or
interchange. reached a certain age.

4. Do not select the biggest, prettiest, healthiest hatchlings farybridization Offspring resulting from mating involving animals
the managed population. If only a given proportion of the hatchling  of two different genetic lineages.
turtles produced are destined for the managed population, theybreeding depressioh.owered reproductive rates or production

should be selected randomly. of offspring with lowered survival and reproduction following
5. Do not breed turtles with lots of relatives in the population mating among close relatives.

to turtles that have none or very few relatives. In-situ preservationrefers to facilities that enhance the breeding
6. When pairing adult turtles initially, do so randomly. Do not  success of nearby wild populations through captive breeding or

select pairs based on color, size, vigor, or other characters. by enhancing juvenile survivorship by headstarting.

7.1f a particular turtle species demonstrates temperaturéntroductiont The release of animals into a habitat in which they
dependent sex determination, incubate the eggs at temperatureshave never occurred naturally. Usually involves wild-caught
that will produce an equal sex ratio. individuals, but may sometimes be attempted with captive-born

8. Stretch-out the generation time as long as possible. For animals; introduction may be intentional or inadvertent.
example, if the initial population contains all founders, it is OQut-breeding depressiohowered reproductive rates or produc-
desirable to produce as many offspring as are needed in thetion of offspring with lowered fitness following mating among
managed population right away. These offspring constitute the individuals of different species or widely separated populations.
first generation, or F1s, and approximately 300 of them (se®eintroductionthe release of either wild-caught or captive-born
Important Note above) are desired. The founders can continue animals into an area in which they have either declined or
to produce offspring, but these are not needed in the manageddisappeared as a result of human pressures
population. However, if in a few years the original (now older) Repatriation same as reintroduction.
F1s begin to be replaced with hatchling F1s (that the originaRestocking periodic release of individuals produced dx:situ
founders are continuing to produce), the generation time will populations into the wild in order to supplement or re-establish
be extended and more space in captivity will be created (young extirpated populations.
turtles take up less space than adults). This is an importai8pecies Survival Plans (SSPirategies for wildlife conservation
reason for retaining the genetic variation in the population for that involve coordinated management of all captive individuals
the longest period possible. The older F1s can then be enteredof endangered species held by cooperating zoos and aquaria.
into reintroduction maintenance programs or surpluses, thusranslocation Translocation is a generic term used to describe the
the managed population has room for the younger F1s. This intentional release of individuals of a species at a within-range
process should continue until the founders are no longer pro- |ocation different from their capture location in order to “estab-
ductive or begin to die. At that time the process should be lish, reestablish, or augment a population” (Griffith et al., 1989).
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AssTRACT. — Three challenges must be metto provide useful Internet resources for turtle research and
conservation: continuous content update, quality assurance/quality control, and synthesis and
integration. Website design can be improved by analyzing a set of trade-offs related to these three
challenges. Consideration of these design issues leads us to propose a considerable extension to the
current EmySystem website to be achieved through the creation of a suitable permanent institution
that will provide funding and organize personnel.

KEey Worbps. — Reptilia; Testudines; taxonomy; phylogeny; World Wide Web; data sharing; database
management; bioinformatics; quality assurance/quality control

With over 100,000,000 websites, the Internet, 02001 and from our interviews with colleagues at the
World Wide Web, is an astonishing mixture of chaos andVorkshop.
insight, data, and misinformation. As aresource itis both
ultimately frustrating and rewarding. Here we discuss th&@he three challenges are:

Internet as a resource for work on the biology and conserva- ¢ Continuous Content Update

tion of turtles, as undertaken by the international community ¢ Quality Assurance/Quality Control (QA/QC)

of turtle scientists and conservationists. We do not provide e« Synthesis and Integration

a list of websites that are currently useful; such existing sites

are better found with an Internet search engine (such d$he design trade-offs are:

Google; www.google.com). Rather, we discuss some ofthe ¢ Ease of use vs. functionality

strategic issues facing the turtle research and conservation ¢ Standardization vs. flexibility

community by focusing on three of the overarching chal- < The turtle community vs. the overall biodiversity
lenges that must be met in developintgrnet resources. research and conservation community

We address these challenges by discussing a series of ¢ Centralized vs. distributed content management
trade-offs that frame the decisions that must be made in « Open source vs. proprietary data and software
the process of improving our Internet resources.

The ideas presented here are largely a result of our We describe a set of potential future developments in
experience in building and maintaining the EmySystemnterms of some of the problems facing turtle workers. Our thesis
(emys.geo.orst.edu) (Fig. 1) that is a web-based exteris that hard problems in the turtle world are mirrored by hard
sion of Iverson (1992). The goal of the site is to providgoroblems in computer science and that the solutions to turtle
a comprehensive account of the taxonomy of all turtlgoroblems will require help from computer science. We con-
species of the world (with the exception of sea turtlesglude by discussing the social engineering or human aspects
and, through map-based displays, provide all knowrior developing and using web resources. These issues are the
locality records from both museums and the literaturegenuinely hard problems — much harder than the technical
The site was constructed from 1998 to 2001 and in itsomputer science problems. We finish by recommending the
current form dates from late 2001. There are 263 speciesteation of an international institution whose job will be to
90 genera, 14 families and 37,025 georeferenced (to thsmlve the problems we discuss and create truly powerful
nearest minute) locality records. There are 20,768 citanternet resources for the international turtle community.
tions to 2,010 different publications and 57,239 museum
specimens from 347 museums. Each taxon page reflects The Challenges
the information given in Iverson (1992) updated through
2001. The site is now considerably out-of-date. We arein 1. Continuous Content Update- It does not seemto be
the process of updating the taxonomy and locality datehard to create a website that many users will visit once. The
We would like to expand the site to cover new topics sucimost important single challenge in website design is to
as molecular databases and phylogenies. Our ideas foreate a site that users will return to again and again. The first
this expansion are given below. These ideas are thHaw ofwebsitesis “Users only come back to websites that are
results of the feedback we have received on the site sinchanging.” Without good content and new content websites
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YN E_%‘*‘s Wor_k!ng Group 2007hb) i; careful to note thg basis of its
I . . )/ . | decisions and to emphasize areas of uncertainty or contro-
| = — e versy. This kind of audit trail makes it possible for a reader
; = to grasp the quality of the work and therefore know better
S how to use it.

| S 3. Synthesis and Integratior— Serving raw data of

s known quality on the Internet is the starting point for
developing web resources. This community curation of data
isinitself no easy task. But the further challenge is to provide
e — " tools that enable both individual investigators and commu-
B i T oy o i e s nities of collaborators to synthesize these data into new
ot il knowledge. For individual investigators we must provide
EEsT s tools for data analysis and visualization, or at least make the
data amenable to easy export into local statistical and visu-
alization packages. Also, collaborative authoring tools are a
necessity. Tools such &oogle Documentare available
and generally well understood. Our final challenge will be to
develop tools that enhance our abilities to jointly create
Doph Dwcripben  fsmmmar 817 0 syntheses. While these tools are not yet well developed,
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Internet users simultaneously markup a given chart or graphic
as if they were both using the same piece of paper.
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Design Trade-Offs

1. Ease of Use vs. Functionality—People vary

] ] ] greatly in what they expect of any computer-based sys-
Figure 1.EmySystem website (emys.geo.orst.edu), showing Homgay  For example, in the case of statistical or phyloge-
Page and a sample species pagerynops gibbuscurrently S ' -
classified adesoclemmys gibbaee Turtle Taxonomy Working Netic inference packages many prefer software that is
Group, 2007D). easy to use and simply provides “the answer.” Others

prefer programs with greater functionality that allow

become stale and ultimately ignored. All of the tools ofthem to tune the analysis to their particular needs at the
website production and design are worthless without reaxpense of having a steeper learning cure. Some scien-
content that is continuously improving. tists are wary of any black box program whose inner

2. Quality Assurance/Quality Control (QA/QGY-  workings they cannot see. As with all of the trade-offs,
Users of awebsite must be able to learn why they should trustere is no one correct answer, but web resource design
the content of a site or at least feel that they can evaluate theust be conscious of its intended audience and their
reliability of a website. We should remember that the goal omultiple needs and varying backgrounds.
QA/QC is notnecessarily data of high quality, butratherdata New Internet technology (generally referred to as Web
of knownquality. The ongoing discussion ab®ikipedia  2.0) makes possible the construction of websites that have
(en.wikipedia.org) both on the Internet (Stvilia 2006) and offthe functionality associated with desktop programs. Use of
(Schiff 2006) is a good example of how the issues of QA/QGuch new technologies makes it easier to create websites that
on the Internet play out. The strengthWikipediais its  have greater functionality with greater ease of use. However,
ability to harness the knowledge of many thousands dhe trade-off still remains an issue because user demands
authors. Its weakness is that it is sometimes hard to knodevelop as well.
how to evaluate what is written. This weakness is magnified 2. Standardization vs. Flexibility— The Internet cur-
when the topic is controversial and writers with differentrently offers a blizzard of standards for the types of data that
views are competing for authorship. Analogously, there areve wish to share. Some of the standards that might be
many different lists of the turtle species of the world besidesvaluated in the design of a turtle research and conservation
the EmySystem on the Internet, such as www.chelonia.orgfebpage are given in Table 1.
Turtle_Taxonomy.htm and www.flmnh.ufl.edu/herpetology/ In considering these and many other existing standards,
turtcroclist.But it is often difficult to evaluate them becausethe turtle research community must decide between adopting
the bases of the decisions that have had to be made to cregémeral standards to begin with, or creating our own standards.
such a list are not also given or are not clear. In contrast, tfBuch decisions are not easy because there is a trade-off
list of terminal taxa given in this volume (Turtle Taxonomy between standardization and flexibility. Furthermore, many of
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the standards listed in Table 1 are works in progress (e.gelf-identifying format. Michael Kay (2004, p. 691) puts
PhyloCode) and adopting them would mean working with thét this way: “Data that fits neatly into rows and columns,
relevant sponsoring organizations and this activity, whildo my mind, isn’t interesting enough to be worth study-
certainly laudable, could be very time consuming. ing; and what’'s more, it's likely that the only reason it fits
As an example of the trade-off between standardizaneatly into rows and columns is that a lot of important
tion and flexibility, consider the simple question: “Is information has been thrown away in order to achieve
there a standard list in English of the countries of thehat fit. With XML, we can do better.” For example, with
world that a turtle may be from? Certainly the Interna-XML we can easily identify exceptions to standards as
tional Standards Organization (ISO) provides one: IS(part of the flexibility protocol that would solve the
Standard 3166 “English country names and code eleésomaliland problem. We can design data structures that
ments” at www.iso.org. In general, adopting this stansupport multiple taxonomies. We can build a tool that
dard is a good idea. However, if we follow out Parham ewill take whatever format any museum decides to use for
al. (2006) we find the complete mitrochondrial genomespecimen data (as long as it is more or less internally
of Geochelone pardaligGenBank NC_007694) to be consistent) and transform it into a common format for
based on a specimen collected by T.J. Papenfuss with thiewing and analysis. With XML many more resources will
GenBank locality of /isolation_source="Somaliland, become data in the sense that there is a known structure
Awday Region” and we further find that ISO 3166 does(metadata) and quality associated with information.
not list Somaliland as a country. Indeed we know thereis  An important aspect of standardization and flexibility
some controversy about the existence of Somaliland asfar an international project is the choice of languages that it
country separate from Somalia. On the one hand wwill support. For now English is the obvious choice, al-
would like to use the standard, but on the other hanthough support for multiple languages is a desirable long-
anyone wishing to return to this locality would be well term goal. However, even if English is used, it is important
advised to respect the interests of the inhabitants of thie provide support for citations in other languages. At a
country they regard as Somaliland. minimum this means there must be support for the orthogra-
The general issue of standardization vs. flexibility isphies and fonts of the world. Such support is now easy using
an important research area in current computer sciencthe Unicode standard (www.unicode.org). This standard
Almost everyone, not just turtle workers, faces this issueshould be adopted by any international effort.
The emergence of the XML (Extensible Markup Lan- 3. The Turtle Community vs. the Overall Biodiversity
guage) family of technologies is due to the ubiquity ofResearch and Conservation Community The Internet
this problem. One of the promises of XML is that a muchneeds of the turtle community are not necessarily those of the
wider variety of data can be managed in a consistenbroader community. For example, the turtle community
might be much more open to taxonomic instability and
ambiguity resulting from publication of new data than the
Table 1. Some Internet standards relevant to turtle research ang\,erg|| biodiversity research and conservation community.
conservation. The negative reaction of the general conservation commu-

URL Description Provided by the Site nity (Smith and Chiszar 2006) to the recent sweeping revi-
sions to amphibian taxonomy (Frost et al. 2006) illustrates
www.tdwg.org International Working Group on Taxo- the potentials for conflicts arising from this trade-off. We
. nomic Databases (TDWG) can also characterize this trade-off as one of stability vs.
VWWW-1S0.019 nlfgr?tlgsgtggggtran&nges and code ele'accuracy. Consider the taxon formerly knowrCésmmys
Isid.sourceforge.net The Life Sciences Identifier (LSID) is MarmorataThe use oflemmy#ias been stable for over 100

an 13C and OMG Life Sciences Re- Yyears while eitheictinemy®rEmyds more accurate given
search (LSR) Uniform Resource Name our current understanding of phylogeny and the desire to
. (URN) specification in progress. ~ name only monophyletic groups (Turtle Taxonomy Work-
www.gbif.org sFeall‘::’llilrlltZ;[ilgr? gjg:ﬁfgﬂgggggﬁgg{i ing Group 2007a). The needs of the turtle taxonomy commu-
so that people from all countries can Nity may be best met by keeping the controversy between
benefit from the use of the information, EmysandActimemyslive; the needs of the “public” users
is the mission of the Global Biodiversity of taxonomy are perhaps best met with a consensus decision
y Information Facility (GBIF). which deemphasizes the complexity and uncertainty of the
www.Itis.gov g;ﬁa;@;;{fgﬁ%?g%ﬁ r\;\?”rln fli(;]clin;?;- interpretation of phylogenetic data. These considerations
thoritative taxonomic information on l€ad us to conclude that support for multiple taxonomies is
plants, animals, fungi, and microbes of critical to any future website.
North America and the world. In general, biodiversity-oriented websites may be either
www.ohiou.edu/phylocode The PhyloCode is a formal set of rules ygrtically or horizontally integrated. By vertical integration
Igtoigeégsr;gnperéyltggﬁggtlectrﬁgrgzr;gag]y {ﬁ o We mean .that the primar)_/ focus ig on the taxon (tu rt_les)_ :?md
tree of life by explicit reference to phy- the goal is to integrate information from many scientific

logeny. disciplines from molecular biology to ecology. For the turtle
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community this means providing “one stop shopping” forduced a set of recommendations. Of great importance to
turtle data at a single site or linked set of sites. By horizontalur concerns isRecommendation 3: Data relevant to
integration we mean that the focus is on some scientific topigublic policy should be shared as quickly and widely as
integrated across many taxa (including turtles). GenBank igossible.”Although in the past scientists and institutions
an example of a horizontally integrated site. Clearly anay have been able to regard species data as proprietary,
vertically integrated site can link to and integrate appropriateve believe that this practice is counterproductive. Be-
horizontally integrated sites. cause of the current concern for the future of biodiversity,

4. Centralized vs. Distributed Content Managementspecies taxonomy, phylogeny, and locality data are now
—A major lesson from our experience with theipso factopolicy relevant. Therefore, data should be
EmySystem is that the management of museum specshared as quickly and widely as possible. The NRC
men data and its associated georeferencing informatiof1997) also produced a more extensive report entitled
presents severe QA/QC problems. John Iverson speRits of Power: Issues on Global Access to Scientific
decades assembling the original data on which the siteata. This report emphasizes the need for sharing to
was based and the amount of effort required to convedccur across all national boundaries. The need for inter-
them to digital format was enormous. Most of Iverson’snational sharing of policy relevant data is the major
effort in the creation of the website went into QA/QC motivation of our Internet efforts.
even though we had developed relatively sophisticated Open source software is preferable because it is
data validation routines. At the time we developed theequally available to all parties regardless of their eco-
EmySystem (2001) few museums had their data availromic resources. Itis also more valuable to the scientific
able online. Today many museums do have their datprocess because the exact nature of the program can be
online and it now makes much more sense to leave thidetermined. For example, there are phylogenetic infer-
content management of these data to the museums tharice programs that are open source and those that are
curate the specimens. Presumably, the museums, as pproprietary. For the scientist who is interested in the
fessional guardians of the data, are best prepared &xact details of how a calculation was made, only exami-
manage the QA/QC of the data. Museums will, howevemation of the source code will give the final answer.
have to undertake georeferencing of their specimeng:urther, open source programs are subject to continuous
Under this model a request to the EmySystem woulgublic peer review and are ultimately less likely to have
cause it to search all museums that hold turtles for theugs. One of the best examples of open source software
relevant data, convert it to a standard format and displaig the statistics and visualization package R (www.r-
it. The role of the EmySystem would shift to integrationproject.org) that surpasses its proprietary rivals in com-
rather than content management. prehensiveness and support.

In contrast to museum data, there does not seem to be a It is worth noting that the papers for this proceedings
set of institutions that could perform distributed contentvolume were initially prepared in Microsoft Word, a propri-
management for literature citations and their contents. It istary program and format that make sharing over the Internet
more likely that data derived from publications will continue

to be managed in a centralized database. Addingaple 2. Proposed topics for an upgraded EmySystem.
georeferencing to such data will continue to be a major task.

Many publications do now contain georeferencing (oftenfaxonomy Nomenclature, synonymies, PhyloCode,
more accurate than that used in the current EmySystem) and alternative taxonomies .
hopefully this trend will continue. Biogeography ahgﬁﬁg%tgia from museum specimens
A comprehensive effort to centrally manage turtle lit- ppyjogenetics Trees and their visualization
erature citations to the publications themselves is beingouchering Classical and contemporary standards;
undertaken by the Chelonian Research Foundation media-based vouchers
(www.chelonian.org) as thibliotheca Testudinumd long- ~ Primers Known primers and their availability
term goal of this effort is to make the citations available OQS;equences : Link to GenBank
X ene Expression Proteins, regulation, networks
the Internet and linked to or part of the EmySystem. Molecular Genetic ToolsStandard references and new approaches
5. Open Source vs. Proprietary Data and Software  Conservation In-situandex-situprotection; links to cur-
While this trade-off is pervasive throughout all uses of rent projects
computers, itis the one that for our purposes does not requirierature Centralized database

sophisticated analysis. We simply believe that both data a useum Specimens Distributed database

. rtle Workers Voluntary form
software should be open-source as much as possible.  prgjects and ProposalsDocument sharing and collaborative
Data sharing is the core of our Internet efforts. In authoring
1985, the United States National Research Council (NRO¥entification Keys, photographs
produced an important report on sharing research dafgerphology Data files, images o
(Fienberg et al. 1985). The many benefits of data sharinBemography r:tilgh' death, immigration, emigration; sex
are detailed there. The report also surveyed the manyypridization Individual cases, species, captive popula-

contentious issues associated with such sharing and pro- tions
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very difficult. Microsoft has announced that it will adopt ancommunity to marshall data, create knowledge through
open XML format for its files in the near future. This synthesis and integration, and present alternative views.
decision will make collaborative work over the Internet
much easier. Acknowledgmenis—The EmySystem was created
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AssTrACT. — We compiled a list of the named terminal taxa for the world’s modern turtle fauna
that would summarize recent changes in turtle nomenclature. We provide an annotated list of
465 currently recognized modern terminal taxa (319 species plus 146 additional subspecies) in
a hierarchical framework. In order to be as objective as possible we strive to uncritically record
the most recent assignment of terminal taxa. For higher-level changes, we show competing
schemes equally without endorsing any arrangement. In both cases (terminals and higher taxa)
we direct readers to the systematic works that discuss taxonomic revisions. We anticipate that
this annotated list will be a useful resource for everyone interested in turtles and their
nomenclature. In addition to clarifying some issues or points of confusion, this list should also
provide an impetus for future work aimed at clarifying and resolving areas of taxonomic
disagreement and/or uncertainty.

Key Worbs. — Reptilia; Testudines; turtle; tortoise; taxonomy; nomenclature; genera; species;
subspecies; synonymization

Turtles, perhaps more than any other reptile groupa starting point, since it was published in hardcopy
have been the subject of numerous comprehensivéorm and widely disseminated and accepted (e.g., as
lists (e.g., Wermuth and Mertens, 1977; Iverson, 1992,0opposed to starting from the lverson et al. 2001a web-
David, 1994; Ilverson et al., 2001a; Joyce et al., 2004based checklist), and we agreed on a general format,
Fritz and Havas, 2006, 2007; also see Pritchard, 1990ysing a hierarchicaimostlyrank-free list.
and Adler, 2007, for historical reviews). But despite As the title of this work implies, this list attempts
their relatively modest extant diversity, turtle nomen- to serve two functions. First, itis a list of all currently
clature is in a constant state of flux and, in placesrecognized named terminal taxa for modern turtles.
wrought with differing opinions and directly conflict- This aspect is meant to be comprehensive as of No-
ing arrangements. Consequently, it is impossible tovember 2007 for extant or recently extinct turtle taxa
compile a comprehensive list that is not already par{using the IUCN and CREO criteria of 1500 AD as the
tially obsolete (or disagreed upon) by the time it is cutoff date for recent extinctions, see annotation num-
published. We took on the challenge of compiling aber 1 below). This comes to a total of 465 modern
list of the named terminal taxa for the world’s modern turtle taxa, comprised of 319 species and 146 addi-
turtle fauna that would summarize some of this recentional subspecies (see Table 1). By ‘currently recog-
dynamism in turtle nomenclature. We decided to usenized’ we simply mean those terminals that have not
Iverson’s 1992 checklist of recognized turtle taxa asbheen explicitly refuted or synonymized. In order to be
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as objective as possible we accepted the most recetiimes list multiple genera for several terminals we
changes relatively uncritically and direct readers taabandon the convention of placing authorities of trans-
the systematic works that discuss these terminalderred species names in parentheses. Comments on
However, our one criterion for accepting a proposedareas of instability or recent change or synonym-
change was that it be accompanied by data or at leatations are indicated by superscript numbers that
arguments explaining the taxonomic revision. Conserefer to the annotations below, while terminal taxa
guently, some species lists published with major adhat have gone extinct within modern times (since
hoc revisions (e.g., from the herpetoculturist andl500 AD) are indicated by a (1).
web-based literature) were not incorporated. We anticipate that this annotated list will be a
The second aspect of this list highlights areas ofiseful resource for everyone interested in turtles and
instability or recent change, especially at the genusheir nomenclature. In addition to clarifying some
level, but also some higher-level categories. In conissues or points of confusion, this list should also
trast to the terminal list, we do not always accept therovide an impetus for future work aimed at clarify-
most recently proposed changes. Instead, we try ting and resolving areas of taxonomic disagreement
highlight these areas of instability and direct readersind/or uncertainty.
to the papers that discuss these controversies, and

make no specific recommendations as to which termiz_ .o 1 How many modern turtle species are there?

nology should b.e useq. For_a d,'scussflon of hlgherThis table, modified and expanded from Adler (2007), records the
level phylogenetic relationships, including consensus,ymper of modern turtle species, additional subspecies, and total
supertrees and unresolved controversies, see Ivers@dka (species plus subspecies) listed as distinct by various authori-
et al. (2007, this volume) for details. ties progressively through the years. As we have continued to
In addition, we document those taxa that havealiscoverand investigate more of the world’s turtle populations, and
been described as new or resurrected since Iversdpplied increasingly refined morphologic and genetic characters
(1992), plus those taxa still recognized as distinct byand criteria for recognizing and documenting chelonian diversity,
lverson (1992) or other subsequent authors, that ha\}dEe number of distinct turtle species and total taxa have grown

- ramatically. Of the currently recognized turtle taxa, 6 species plus
subsequently been synonymized under current names, | : . i
. additional subspecies (9 total taxa) have gone extinct since 1500
for various reasons. In many cases thos

e %D, leaving us currently with 313 living turtle species, 143 addi-
Synonxm'zat|0n5_haVe be_en well supported by Moryona living subspecies, and 456 living turtle taxa (species and
phologic or genetic analysis, but some have not. Thesgibspecies).

recently synonymized taxa, in addition to the many

previously synonymized taxa documented in Iverson Additional  Total
(1992) and Fritz and Havas (2006, 2007), represent Authority Species  Subspecies  Taxa
wealth of potential diversity at lower levels of dis-
tinctiveness (e.g., possible Evolutionarily Significant
Units or Management Units) or possibly valid termi-

Linnaeus, 1758 11 0 11
Linnaeus, 1766 15 0 15

. . . . Schneider, 1783-92 20 0 20
nal taxa _smply in need of more de'Falled a_naIyS|s. Gmelin, 1789 33 0 33
Our list is not a complete historical review of all gchoepff, 1792-1801 55 0 55
taxonomic changes to turtles, but does aim to b@audin, 1801 58 0 58
complete for the time since lverson (1992). More-Schweigger, 1812 78 0 78
over, it should not be taken as our opinion on théuméril and Bibron, 1835 121 0 121
validity of any particular name. We fully expect that Fitzinger, 1835 122 0 122
some of the terminals listed here will be synonymized>ray, 1844 136 0 136
based on future work while some excluded names wil2'®: 1856b 154 0 154
. . Gray, 1873c 209 0 209
later be considered valid. B
s . . oulenger, 1889 212 0 212
The format of this listis an mdented h|erarchy_(by5iebenrock’ 1909 232 33 265
phylogeny) of turtle clades with modern terminal gyst et al., 1934 252 45 297
taxa. See Krenz et al. (2005) and Parham et al. (2006&ertens and Wermuth, 1955 211 121 332
for the phylogeny used to create this hierarchy. Th&vermuth and Mertens, 1961 212 112 324
major levels of the hierarchy are listed phylogeneti-Pritchard, 1967 232 95 327
cally with lower levels (equivalent to families, sub- Wermuth and Mertens, 1977 219 121 340
families, genera, species, and subspecies) listed a'?—re'tr‘;f;ar‘]rdigggg SZ’Z) ﬂg ggi
phabetically. Terminal taxa (species or subspecie '
are in bold. Nominotypical subspecific terminals are, st and Barbour, 1989 257 125 382
. . . . verson, 1992 257 139 396
implied, but no.t Ilste_d separately. Competing genergy,vig. 1994 273 137 410
are generally listed in the order that they were mosgyit; and Havas, 2006 313 148 461
recently proposed, so the sequence should not be usggtz and Havas, 2007 313 147 460

to infer preference for any name. Because we somePresent checklist 319 146 465
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CHECKLIST OF MODERN TURTLE TAXA *

Testudines
Cryptodira
Chelydridae
Chelydra
acutirostris Peters 1862
rossignoniiBocourt 1868
serpentinalinnaeus 1758
osceolaStejneger 1918
Macrochelygformerly Macroclemy¥
temminckii Troost 1835
Chelonioidea
Cheloniidae
Caretta
carettaLinnaeus 1758
Chelonia
mydasLinnaeus 1758
Eretmochelys
imbricata Linnaeus 1766
bissaRuppell 1835
Lepidochelys
kempii Garman 1880
olivaceaEschscholtz 1829
Natator
depressugsarman 1880
Dermochelyidae
Dermochelys
coriaceaVandelli 1761
Kinosternoidea
Dermatemydidae
Dermatemys
mawii Gray 1847
Kinosternidae
Kinosterninae
Kinosternon
acutumGray 1831b
alamosaeBerry and Legler 1980
angustiponsLegler 1965
arizonenseGilmore 1922
baurii Garman 1891
chimalhuacaBerry, Seidel, and
Iverson 1996
creaseriHartweg 1934
dunni Schmidt 1947
durangoensedverson 1979
flavescensAgassiz 1857
herrerai Stejneger 1925
hirtipes Wagler 1833
chapalaensdverson 1981
magdalensdverson 1981
megacephaluniverson 1981 (1)

murrayi Glass and Hartweg 1951

tarascensdverson 1981
integrum Le Conte 1854
leucostomunDuméril and Bibron 1851

postinguinaleCope 1887

oaxacaeBerry and lverson 1980
scorpioided.innaeus 176%
abaxillare Baur 1925
albogulareDuméril and Bocourt 1870
cruentatumDuméril and Bibron 1851
sonoriensd_e Conte 1854
longifemoralelverson 1981
subrubrumBonnaterre 1789
hippocrepisGray 1856a
steindachneriSiebenrock 1906b
Sternotherugformerly in Kinosterno®
carinatus Gray 1856a
depressuginkle and Webb 1955
minor Agassiz 1857
peltifer Smith and Glass 1947
odoratusLatreille 1801
Staurotypinae
Claudius
angustatusCope 1865
Staurotypus
salvinii Gray 1864b
triporcatus Wiegmann 1828
Testudinoidea
Emydidae
Deirochelyinae
Chrysemys
pictaSchneider 1783
bellii Gray 1830
dorsalisAgassiz 185%
marginata Agassiz 1857
Deirochelys
reticularia Latreille 1801
chryseaSchwartz 1956
miaria Schwartz 1956
Graptemys
barbouri Carr and Marchand 1942
cagleiHaynes and McKown 1974
ernsti Lovich and McCoy 1992
flavimaculataCagle 1954
geographicaLeSueur 1817
gibbonsiLovich and McCoy 1992
nigrinoda Cagle 1954
delticolaFolkerts and Mount 1969
oculifera Baur 1890
ouachitensisCagle 1953
sabinensisCagle 195%
pseudogeographic&ray 1831b
kohnii Baur 1890
pulchra Baur 1893c
versaStejneger 1925
Malaclemys
terrapin Schoepff 1793
centratalLatreille 1801
littoralis Hay 1904
macrospilotaHay 1904
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pileataWied 1865
rhizophorarum Fowler 1906
tequestaSchwartz 1955
Pseudemys
alabamensiBaur 1893a
concinnalLe Conte 18386
floridana Le Conte 18389
suwanniensisCarr 1937
gorzugiWard 1984°
nelsoniCarr 1938a
peninsularisCarr 19386
rubriventris Le Conte 1830
texanaBaur 1893a
Trachemy®
adiutrix Vanzolini 1995
callirostris Gray 18568
chichiriviche Pritchard and
Trebbau 198%
decorataBarbour and Carr 1940
decussatasray 1830
angustaBarbour and Carr 1940
dorbigni Duméril and Bibron 1835%
emolli Legler 199¢®
gaigeaeHartweg 1939
hartwegilLegler 199¢°
nebulosavan Denburgh 1895
hiltoni Carr 1942
ornata Gray 183
scriptaSchoepff 1792
eleganswWied 1839
troostii Holbrook 1836
stejnegeriSchmidt 1928
maloneiBarbour and Carr 1938
vicina Barbour and Carr 1940
taylori Legler 196%°
terrapenBonnaterre 1789
venustaGray 1856
cataspilaGunther 1885
grayi Bocourt 1868
yaquialLegler and Webb 1970
Emydinae
Clemmys
guttataSchneider 1792
Emysor Actinemys
marmorataBaird and Girard 1852
[formerly in Clemmygt2?
Emysor Emydoide&
blandingii Holbrook 1838
Emygt
orbicularis Linnaeus 1758
capolongoiFritz 1995
colchicaFritz 1994
eiselti Fritz, Baran, Budak, and
Amthauer 1998
fritzjuergenobstiFritz 1993
galloitalica Fritz 1995
hellenicaValenciennes 1832

hispanicaFritz, Keller, and
Budde 1996
iberica Eichwald 183%
ingaunaJesu, Piombo, Salvidio,
Lamagni, Ortale, and
Genta 2004
lanzai Fritz 1995
luteofuscaFritz 1989
occidentalisFritz 1993
persicaEichwald 183%*
trinacris Fritz, Fattizzo, Guicking,
Tripepi, Pennisi, Lenk, Joger,
and Wink 2005
Glyptemygformerly in Clemmy¥*
insculptaLe Conte 1830
muhlenbergiiSchoepff 1801
Terrapene
carolina Linnaeus 1758
bauri Taylor 1895
major Agassiz 1857
mexicanaGray 184%
triunguis Agassiz 1857
yucatanaBoulenger 1893
coahuila Schmidt and Owens 1944
nelsoniStejneger 1925
klauberi Bogert 1943
ornata Agassiz 1857
luteola Smith and Ramsey 1952
Platysternida®
Platysternon
megacephalunGray 1831¢&
peguensésray 1870b
shiui Ernst and McCord 1987
Testudinoidae or Testuguffa
Bataguridae or Geoemydidée
Batagup®
baskaGray 1836*
borneoensisSchlegel and Miller 1844
[formerly in Callagui®
dhongokaGray 1832
[formerly in Kachugd®
kachugaGray 1831a
[formerly in Kachugd®
trivittata Duméril and Bibron 1835
[formerly in Kachugd®
Cuora?®
amboinensisDaudin 1801
couro Schweigger 1812
kamaromaRummler and Fritz 1991
lineata McCord and Philippen 1998
aurocapitataLuo and Zong 1988
flavomarginataGray 1863d
evelynaeErnst and Lovich 1990
sinensisHs 193¢
galbinifrons Bourret 19398
bourreti Obst and Reimann 1994
picturata Lehr, Fritz, and Obst 1998
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mccordiErnst 1988
mouhotiiGray 1862 [formerly iPyxide§*
obstiFritz, Andreas, and Lehr 1998
pani Song 1984
trifasciata Bell 1825°
yunnanensisBoulenger 1908
zhoui Zhao 1990
Cyclemy¥®
atriponslverson and McCord 1997
dentataGray 1831b
oldhamii Gray 1863d
pulchristriataFritz, Gaulke, and Lehr 1997
shanensisAnnandale 1918
tcheponensiBourret 1939a
Geoclemys
hamiltonii Gray 1830
Geoemyd®
japonicaFan 1931
spengleriGmelin 1789
Hardella
thurjii Gray 18311
Heosemys
annandalii Boulenger 1903
[formerly inHieremy$*
depressanderson 1875
grandisGray 1860b
spinosaGray 1830
Leucocephalon
yuwonoiMcCord, Iverson, and Boeadi 1995
[formerly in Geoemyda
orHeosemyj$?
Malayemys
macrocephalaGray 185%°
subtrijuga Schlegel and Miiller 1844
Mauremy&44
annamensisSiebenrock 1903a
[formerly inAnnamemyj$*
caspicaGmelin 1774
siebenrockiWischuf and Fritz 1997
ventrimaculataWischufand Fritz 1996
japonicaTemminck and Schlegel 1835
leprosaSchweigger 1812
saharicaSchleich 1996
mutica Cantor 1842
kami Yasukawa, Ota, and Iverson 1996
nigricans Gray 1834 [formerly in
Chinemy¢*
reevesiiGray 1831b[formerlyi@hinemyg*46
rivulata Valenciennes 1833
sinensisGray 1834 [formerly i©Ocadig*
Melanochelys
tricarinata Blyth 1856
trijuga Schweigger 1812
coronataAnderson 1879
edenianaTheobald 1878
indopeninsularisAnnandale 1913
parkeri Deraniyagala 1939

thermalisLesson 1830
Morenia
ocellataDuméril and Bibron 1835
petersiAnderson 1879
Notochelys
platynotaGray 1834
Orlitia
borneensisGray 1873a
Pangshurdformerly in Kachugg*®
smithii Gray 1863e
pallidipesMoll 1987
sylhetensislerdon 1870
tectaGray 1830
tentoria Gray 1834°
circumdataMertens 1969
flaviventer Gunther 186%
Rhinoclemmys
annulata Gray 1860a
areolataDuméril and Bibron 1851
diademataMertens 1954
funereaCope 1876
melanosternaGray 1861
nasutaBoulenger 1902
pulcherrima Gray 1856b
incisa Bocourt 1868
manni Dunn 1930
rogerbarbouriErnst 1978
punctularia Daudin 1801
flammigera Paolillo 1985
rubida Cope 1870

perixanthaMosimann and Rabb 1953

Sacali&
bealeiGray 1831b
guadriocellataSiebenrock 1903a
Siebenrockiella
crassicollisGray 1830
leytensisTaylor 1920 [formerly in

Heosemy$
Vijayachelys
silvaticaHenderson 1912 [formerly in
GeoemydRi!

Testudinidae
Aldabrachelysr Dipsochelygformerly in
Geocheloj&*
arnoldi Bour 19824
daudinii Duméril and Bibron 1835 ()
dussumieriGray 1831F
hololissaGuinther 1877
Astrochelygformerly in Geochelonf?
radiata Shaw 1802
AstrochelysrAngonokgformerlyinGeochelonfg?
yniphoraVaillant 1885&°
Chelonoidigformerly in Geochelong?
carbonariaSpix 1824
chilensisGray 1870&
denticulataLinnaeus 1766
nigra Quoy and Gaimard 184
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abingdonii Gunther 1877
beckiRothschild1901
chathamensi&/an Denburgh 19G7
darwini Van Denburgh 1907
duncanensisGarman 191%
hoodensisvan Denburgh 1907
(nigra Quoy and Gaimard 1824) £%)
phantasticavan Denburgh 1907 ()
porteri Rothschild 1908
vicina Gunther 187%
petersiFreiberg 1973
Chersina
angulata Schweigger 1812
Cylindraspis
indica Schneider 1783 (%)
ineptaGunther 1873 (1)
peltastedDuméril and Bibron 1835 (1)
triserrata Glinther 1873 (T)
vosmaeriSuckow 1798 (Fy
Geochelon®
elegansSchoepff 1795
platynotaBlyth 1863
Geocheloner Centrochely®
sulcataMiller 1779
Gopherus
agassiziiCooper 1863
berlandieri Agassiz 1857
flavomarginatusLegler 1959
polyphemusDaudin 1801
Homopu¥
areolatusThunberg 1787
boulengeriDuerden 1906
femoralis Boulenger 1888a
signatusGmelin 1789
cafer Daudin 1801
solusBranch 200¥
Indotestudo
elongataBlyth 1853
forstenii Schlegel and Miller 1844
travancoricaBoulenger 190
Kinixys
belliana Gray 183@
domergueiVuillemin 1972
nogueyil ataste 1886
zombensiHewitt 1931
erosaSchweigger 1812
homeanaBell 1827
lobatsianaPower 1927
natalensisHewitt 1935
spekiiGray 1863c
Malacochersus
tornieri Siebenrock 1903b
Manouria
emysSchlegel and Miiller 1844
phayreiBlyth 1853
impressaGunther 1882
Psammobates

geometricud_innaeus 1758
oculifer Kuhl 1820
tentoriusBell 1828
trimeni Boulenger 1886
verroxii Smith 1839
Pyxis
arachnoidesBell 1827°
brygooiVuillemin and Domergue 1972
oblongaGray 1869
planicaudaGrandidier 1867
Stigmochelysr Psammobatdggrmerly in
Geocheloif@
pardalisBell 1828
babcockiLoveridge 1935
Testud®
graecalinnaeus 1758
armeniacaChkhikvadze and
Bakradze 1991
buxtoni Boulenger 1921
cyrenaicaPieh and Perala 2002
iberaPallas 1814
lamberti Pieh and Peréla 2004
marokkensisPieh and Peréla 2004
nabeulensisHighfield 1990
soussensi®ieh 2001
terrestrisForsskal 1775
zarudnyiNikolsky 1896
kleinmanni Lortet 1883
marginata Schoepff 1793
Testudoor Agrionemy®
hermanni Gmelin 178%
boettgeriMojsisovics 1889
horsfieldii Gray 1844’
kazachstanicaChkhikvadze 1988
rustamoviChkhikvadze, Amiranashvili,
and Ataev 1990
Trionychia
Carettochelyidae
Carettochelys
insculptaRamsay 1886
canni Wells 2002#
Trionychidae
Cyclanorbinae
Cyclanorbis
elegansGray 1869
senegalensi®uméril and Bibron 1835
Cycloderma
aubryi Duméril 1856
frenatum Peters 1854
Lissemys
punctataBonnaterre 1789
andersoniWebb 1980
scutataPeters 1868
Trionychinae
Amyda
cartilagineaBoddaert 1770
Apalone
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ferox Schneider 1783
mutica LeSueur 1827
calvataWebb 1959
spiniferaLeSueur 1827
asperaAgassiz 1857
atra Webb and Legler 1960
emoryiAgassiz 1857
guadalupensisVebb 1962
hartwegiConant and Goin 1948
pallida Webb 1962
Aspiderete®r Nilssonid&®
gangeticaCuvier 1825
hurum Gray 1830
leithii Gray 1872
nigricans Anderson 187%
Chitra
chitra Nutaphand 1986
javanensidVicCord and Pritchard 2003
indica Gray 1830
vandijki McCord and Pritchard 2003
Dogania
subplanaGeoffroy Saint-Hilaire 1809
Nilssoni&°
formosaGray 1869
Palea
steindachneriSiebenrock 1906a
Pelochelys
bibroni Owen 1853
cantorii Gray 1864a
signiferaWebb 2003
Pelodiscu®
axenariaZhou, Zhang, and Fang 1991
maackii Brandt 1857
parviformis Tang 1997
sinensisWiegmann 1835
Rafetus
euphraticusDaudin 1801
swinhoeiGray 1873F
Trionyx
triunguis Forsskal 1775
Pleurodira
Chelidae
Acanthochelys
macrocephalaRhodin, Mittermeier,
and McMorris 1984
pallidipectorisFreiberg 1945
radiolata Mikan 1820
spixii Duméril and Bibron 1835
Chelodind®
canni McCord and Thomson 2082
gunaleniMcCord and Joseph-Ouni 2007
longicollis Shaw 1794
mccordi Rhodin 1994b
roteensisMcCord, Joseph-Ouni,
and Hagen 2007a
novaeguineaeBoulenger 1888b
oblongaGray 184 %
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pritchardi Rhodin 1994a
reimanniPhilippen and Grossmann 1990
steindachneriSiebenrock 191%4
timorensisMcCord, Joseph-Ouni,
and Hagen 200%b
Chelodinaor Macrochelodin&
burrungandjii Thomson, Kennett,
and Georges 2000
expansaGray 1857
kuchlingi Cann 19979
parkeri Rhodin and Mittermeier 1976
rugosaOgilby 1896
Chelus
fimbriata Schneider 1783
Elsey&?
albagulaThomson, Georges,
and Limpus 2006
branderhorstiOuwens 191%
dentataGray 1863a
irwini Cann 1997c¢
jukesiWells 20078
lavarackorumWhite and Archer 1994
novaeguineaevieyer 1874
schultzeiVogt 191%°
stirlingi Wells 20078°
Elseyaor Wollumbini&?
bellii Gray 1844’
georgesiCann 1997a
latisternum Gray 1867
purvisi Wells and Wellington 1985
Elusor
macrurus Cann and Legler 1994
Emydura
australisGray 1841
macquarii Gray 183¢&
binjing Cann 1998
dharra Cann 1998
dharuk Cann 1998
emmottiCann, McCord,
and Joseph-Ouni 2003
gunabarraCann 1998
krefftii Gray 1871
nigra McCord, Cann,
and Joseph-Ouni 2003
signataAhl 1932
subglobos&refft 1876
worrelli Wells and Wellington 198%
tanybaragaCann 1997b
victoriae Gray 1842
Hydromedusa
maximiliani Mikan 1825
tectiferaCope 1870
Phrynop&®
geoffroanusSchweigger 1812
hilarii Duméril and Bibron 1835
tuberosusPeters 1870
williamsi Rhodin and Mittermeier 1983
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Batrachemy®r Mesoclemmy#&’
dahli Zangerl and Medem 1958
heliostemma\icCord, Joseph-Ouni,

and Lamar 2061
nasutaSchweigger 1812
ranicepsGray 1856b
tuberculataLuederwaldt 1926
zuliaePritchard and Trebbau 1984

Mesoclemmy#&
gibbaSchweigger 1812
perplexaBour and Zaher 2005

Mesoclemmysr Bufocephal&®
vanderhaegeBour 1973

Mesoclemmysr Ranacephal&®
hogeiMertens 1967

Phrynopsor Rhinemy<°
rufipes Spix 1824

Platemys
platycephalaSchneider 1792

melanonotaErnst 1984

Pseudemydura
umbrina Siebenrock 1901

Rheodytes
leukopsLegler and Cann 1980

Pelomedusidae

Pelomedusa
subrufaBonnaterre 178%

Pelusios
adansoniiSchweigger 1812
bechuanicusFitzSimons 1932
broadleyiBour 1986

carinatusLaurent 1956
castaneusSchweigger 1812
castanoidesdewitt 1931
intergularis Bour 1983
chapini Laurent 1965
cupulattaBour and Maran 2003
gabonensiDuméril 1856
marani Bour 2000
nanus Laurent 1956
niger Duméril and Bibron 1835
rhodesianusHewitt 1927
seychellensisSiebenrock 1906c (F§
sinuatusSmith 1838
subnigerBonnaterre 1789
parietalis Bour 1983
upembaeBroadley 1981
williamsi Laurent 1965
laurenti Bour 1984
lutescend_aurent 1965
Podocnemididae or Podocnemittae
Erymnochelys
madagascariensi§randidier 1867
Peltocephalus
dumerilianus Schweigger 1812
Podocnemis
erythrocephalaSpix 1824
expansaSchweigger 1812
lewyanaDuméril 1852
sextuberculataCornalia 1849
unifilis Troschel 1848°%
vogli Mller 1935

ANNOTATIONS

. Both IUCN (The World Conservation Union, http://
www.iucnredlist.org) and CREO (Committee on Re-
cently Extinct Organisms, http://creo.amnh.org) have
designated 1500 AD as their official cutoff date for 6.
determining what constitutes a recently extinct species,
and we follow their criteria in our checklist.

. Chelydra Phillips et al. (1996) elevateatutirostris 7.
androssignonito full species status and retained the
subspeciessceola See Shaffer et al. (in press) for a
complete review.

. Macrochelys[formerly Macroclemy& Although 8.
Macroclemydas been the most commonly used name,
Webb (1995) showed thatacrochelysis the oldest
available name.

. Chelonia mydasBowen et al. (1992) showed that 9.
recognition of the taxoagassiziBocourt 1868 renders
mydagaraphyletic, andgassiziis no longer generally
recognized as either a distinct species or subspecies. See
Parham and Zug (1996) and Karl and Bowen (1999) for

a complete review.

. Eretmochelys imbricatdritz and Havas (2006, 2007)

did not listbissaas a valid taxon, but no argumentation

for this opinion was given. Genetic data (Okayama et
al., 1999) have suggested significant separation of At-
lantic from Pacific stocks.

Kinosternonspecies: Serb et al. (2001) elevated two
former subspecies ofiavescens(arizonenseand
durangoensgto full species status.

Kinosternon chimalhuacda his new species name ap-
peared prematurely and erroneously firstin the hobbyist
literature, with the full original description published a
few months later (Berry et al., 1996, 1997).
Kinosternon scorpioides scorpioidéscludes the pre-
viously recognized subspecierieiFreiberg 1936 and
carajasensisCunha 1970 in synonymy (Cabrera and
Colantonio, 1997).

Sternotherus This genus was included as a junior
synonym ofKinosternorby lverson (1992) and David
(1994) based onwork by Seidel etal. (1986) and Iverson
(1991). However, this view was never widely accepted,
and Iverson (1998) showed that the species referred to
eitherSternotherusrKinosternorformed reciprocally
monophyletic clades and recommended that both gen-
era be used.
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Sternotherus depress\Whereas some earlier authors
had placed this taxon as a subspeciesinbr, Walker

et al. (1998) showed thatepressusvas genetically
distinct fromminor.

Chrysemys picta dorsalighis subspecies @hrysemys
pictawas elevated to full species status by Starkey et al.
(2003), who recognized two distinct genetic lineages:
C. dorsalisand C. picta They did not find genetic
support for the other subspecies ©f picta (belli,
marginatg but did not recommend that they be aban-
doned. Fritz and Havas (2006, 2007) argued that full
specific status oflorsaliswas not fully demonstrated

and retained it and the other two taxa as subspedizs of
picta, agreeing also with Ernst et al. (2006).

Graptemys ouachitensis sabinen&iased on molecu-

lar and morphologic data, Stephens and Wiens (2003)
suggested thaabinensisnay not be closely related to
ouachitensisHowever, statistical support for this was
weak, and they did not discuss or recommend a tax@2.
nomic change. Further study of this complex may
warrant the elevation of the sympatric tasaiinensis
to full species status.

Pseudemys concinna concinh&ludes the previously
recognized subspecigseroglyphicaHolbrook 1836,
mobilensisHolbrook 1838, andnetteriWard 1984 in
synonymy (Seidel, 1994).

Pseudemys concinna floridanghis taxon was previ-
ously considered a separate species, but was designatl
a subspecies afoncinnaby Seidel (1994). Jackson
(1995) argued for the retention fhéridana as a full
species, but Seidel (1995) rejected this argument.
Pseudemys concinna suwannierBigviously consid-
ered a subspeciesaincinna Seidel (1994) argued for
the elevation of this taxon to full species status, but
Jackson (1995) argued for its subspecific status.
Pseudemys gorzugihis taxon was previously consid- 26.
ered a subspecies abncinna but was elevated to
species status by Ernst (1990) without argumentation,
but then supported through analysis by Seidel (1994).
Pseudemys peninsularighis taxon was previously con- 27.
sidered a subspecies ftdridana, but was elevated to
species status by Seidel (1994). Jackson (1995) argued for
the retention gbeninsularisas a subspeciesfidridana,

but Seidel (1995) reaffirmed his recognition. 28.
Trachemyspecies: Seidel (2002) recommended elevat-
ing nine Mesoamerican taxa, previously recognized as
subspecies dfrachemys scriptao species rank.
Trachemysubspecies: Seidel (2002) also recommended
reassigning five taxa, previously subspeciesopta, to
subspecies of his various elevaledchemyspecies.
Trachemys dorbignincludes the previously recognized
subspeciesrasiliensig-reiberg 1969 in synonymy, based

on morphologic work (del Barco and Larriera, 1993).
Emydoideaand the turtles formerly known as 29.
Clemmys The four traditional species @flemmys
(guttata [type], insculptg muhlenbergij and
marmoratg do not form a monophyletic group with

23.

25.
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respect to the two monotypic genégmys orbicu-
laris andEmydoidea blandingin phylogenies based

on DNA data (Bickham et al., 1996; Burke et al.,
1996; Lenk et al. 1999; Feldman and Parham, 2002).
While there is a general agreement thatulptaand
muhlenbergiare sister-species and should be placed
in the genusGlyptemys(Holman and Fritz, 2001;
Parham and Feldman, 2002), there are two schemes
presented fomarmorataand blandingii. Holman

and Fritz (2001) recommended thmairmoratabe
placed in the monotypic genéstinemysretaining
bothEmys orbicularisndEmydoidea blandingias
additional monotypic genera. Other authors (Bickham
etal., 1996; Feldman and Parham, 2002; Parham and
Feldman, 2002) recommended tiarmorataand
blandingiibe placed into an expandeohys a scheme
favored in the most recent analysis of variation in
marmorata(Spinks and Shaffer, 2005).

Emysor Actinemys marmoratePreviously, two sub-
species were distinguished, includipgllida Seeliger
1945, but genetic analysis by Spinks and Shaffer (2005)
demonstrated that the typical and previously recog-
nized subspeciepallida were within the same
phylogeographic clade and gallida should not be
considered valid.

Emys orbicularis ibericancludes the recently described
subspeciekuraeFritz 1994 in synonymy (Fritz, 1998).
Emys orbicularis persicalncludes the recently de-
scribed subspeciawientalis Fritz 1994 in synonymy
(Fritz, 1998).

Mexican Terrapene carolina Stephens and Wiens
(2003) suggested that Mexican subspeci€sadrolina

may warrant full species status. While this convention
has also been adopted previously (Smith et al., 1996),
almost all other workers recognize these as subspecies.
Platysternidae: Krenz et al. (2005) confirmed that
NnuDNA placedPlatysternonsolidly within the
Testudinoidea, and Parham et al. (2006a) supported this
finding with mtDNA.

Platysternon megacephalufarnst and Laemmerzahl
(2002) synonymized two subspecieswégacephalum
(vogeli Wermuth 1969 andristernalis Schleich and
Gruber 1984) with the nominate subspecies.
Testudinoidae or Testuguria: Shafferetal. (1997) coined
the name ‘Testudinoidae’ for the clade that united
Testudinidae with Bataguridae/Geoemydidae. Joyce et
al. (2004) listed Testudinoidae as an undesirable deriva-
tive of Testuddoeing to similar to both ‘Testudinidae’and
‘Testudinoidea.’ In that same paper, the authors coined
the new clade name ‘Testuguria’ for that same clade
(while neglecting to list Testudinoidae as an objective
senior synonym). Parham et al. (2006a) explicitly argued
for the use of Testuguria over Testudinoidae.
Bataguridae or Geoemydidae: Both names are being
used to refer to this group of predominantly Asian
testudinoids. McDowell (1964) used the name
Batagurinae for this group (as a subfamily) which was
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changed to Bataguridae (as a family) by Gaffney and
Meylan (1988). Bour and Dubois (1986) showed that
Geoemydidae has priority, and David (1994), Spinks et
al. (2004) and others have embraced this view. How-
ever, this approach was questioned by Joyce et al.

(2004) who, working in a rank-free phylogenetic tax- 36.

onomy framework, recommended the continued use of
Bataguridae. In the interest of reconciling phylogenetic
nomenclature with traditional Linnaean rules of prior-
ity, Parham et al. (2006a) endorsed a phylogenetic
codification of Geoemydidae.

Batagur Praschag et al. (2007b) and Le et al. (2007)
demonstrated that specied@fchugawvere genetically
paraphyletic with respect to those referre@é&tagur

andCallagurand recommended that only one genus be37.

recognized, and the narBatagurhas priority.

Batagur baskaThe subspeciganongensi®lutaphand
1979 is not well differentiated and has begnony-
mized undebaskaby Fritz and Havas (2006, 2007), but
no specific morphologic or genetic analysis has yet been
performed to formally evaluate the status of this taxon.

Cuora Phylogenies based on DNA data (Honda et al.38.

2002a; Stuart and Parham, 2004; Parham et al., 2004;
Spinks et al., 2004) have shown that continued recogni-
tion of the genu®yxideafor mouhotiiwould render
Cuoraparaphyletic. All of these studies recommended
expandingCuorato includemouhotii Other schemes
for Cuorahave not been published in the recami¢n-
tific literature, though there has been some use of
Cistoclemmy$or flavomarginataandgalbinifrons(e.g.,

Zhao et al., 1997; Zhao, 1997; Yasukawa and Ota, 19990.

Hybrid species: The validity of six taxa Gliora,
MauremyqdincludingOcadid, andSacaliarecently
described from pet trade specimens has been refuted

by genetic studies that have shown them to be baset.

on hybrids (Parham et al., 2001; Wink et al., 2001;
Spinks et al., 2004; Stuart and Parham, 2004, 2007).
The taxa shown to be hybrids a@iora galbinifrons
serrata Iverson and McCord 1992bylauremys
iversoni Pritchard and McCord 199IMauremys
pritchardi McCord 1997,0cadia glyphistoma
McCord and lverson 19940Qcadia philippeni
McCord and Iverson 1992, aBdcalia pseudocellata
Iverson and McCord 1992a.

Cuora flavomarginata sinensiSome authors recog-
nize this taxon as a valid subspecies (McCord and

Iverson, 1991; Fong et al., 2002) while others synony43.

mize it withflavomarginataYasukawa and Ota, 1999;
Fritz and Havas, 2006, 2007).

Cuora galbinifrons The taxabourreti and picturata,
originally described as subspecie€abra galbinifrons
were elevated to species rank by Stuart and Parham
(2004) based on concordance of morphological with
molecular differentiation. Fritz et al. (2006c) returned
bourretito subspecies rank based on osteological char-
acters shown by market specimens, and suggested that
picturatawarrants the same ranking; Fritz and Havas

39.

42,

44,

(2006, 2007) subsequently listpatturata at subspe-
cies rank based on morphologically intermediate pet
trade specimens. Includes the previously recognized
hainanensi&i 1958 in synonymy (Zong and Pan, 1989;
Iverson and McCord, 1992b).

Cuora trifasciata Blanck et al. (2006) recommended
thatCuoratrifasciatabe split into two species (includ-
ing their newly named speciegclornataand its new
subspeciesmeier) based on paraphyletic mtDNA
haplotypes and morphological differences. Spinks and
Shaffer (2007) showed thaifasciata as traditionally
recognized is monophyletic based on nuDNA and there-
fore recommended theyclornatashould not be recog-
nized, pending additional study.

Cuora yunnanensisThis species has been listed as
extinct by the IUCN since 200@(vw.iucnredlist.org),
based on several decades of not finding any surviving
animals despite intensive searches. Recently, a pair of
animals representing this species were found in markets
(Zhou and Zhao, 2004; Zhou, 2005), with subsequent
confirmation through genetic analysis (He et al., 2007).
Cyclemys Iverson (1992) recognized two taxa of
Cyclemydqdentataandtcheponensjs Later,atripons

and pulchristriata were described andldhamii was
resurrected (Ilverson and McCord, 1997; Fritz et al.,
1997). Genetic analysis by Guicking et al. (2002) also
supported the validity afhanensis

Geoemyda Yasukawa et al. (1992) elevaiegonica

to species status (previously considered a subspecies of
spengler).

Hardella thurjii: Praschag et al. (2007b) found no
genetic or morphologic evidence for continued recogni-
tion of the subspecigadi Gray 1870b, and synony-
mized it undethurijii.

Heosemys annandaliiormerly in Hieremy$: Spinks

et al. (2004) showed thahnandaliiwas nested among
species oHeosemysDiesmos et al. (2005) formally
movedannandaliiinto Heosemys

Leucocephalon yuwondformerly in Geoemydaor
Heosemyis Originally described as a species of
GeoemydéMcCord et al., 1995), Fritz and Obst (1996)
placedyuwonoiin HeosemysMcCord et al. (2000)
showed thayuwonoiwas not closely related to the type
species oGeoemydar Heosemydyut instead sister to
Notochelys platynotaand erected a new genus,
Leucocephalonfor yuwonoi

Malayemys macrocephal@®rophy (2004) proposed
the recognition of this species as distinc t feumtrijuga
based on morphological grounds.

Mauremydincluding species formerly iAnnamemys,
Chinemys,or Ocadig: Iverson and McCord (1994)
includedannamensisinder an expandeblauremys
Subsequent phylogenies based on DNA data (Honda et
al., 2002b; Barth et al., 2004; Feldman and Parham,
2004; Spinks et al., 2004) showed that the genera
OcadiaandChinemysenderedlauremygparaphyletic.
Based on these results, some authors (Feldman and
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Parham, 2004; Spinks et al., 2004) recommended syn-
onymizing Ocadia and Chinemysunder Mauremys.
Barth et al. (2004) presented this same scheme as well 53.
one that would retai@hinemysandOcadiaand further
divide Mauremysinto the generaCathaiemysand
EmmeniaBarth et al. (2004) did not favor one scheme
over the other and a competing schemdfauremysas

not been formally proposed in the scientific literature.
Mauremys leprosaFritz et al. (2006a) explicitly syn-
onymized several subspeciesleprosarecently de-
scribed by Schleich (199@&tlantica erhardi marokkensis
wernerkaestleiandzizi) plusvanmeerhaeghdsour and
Maran 1998, and only recogniziegirosaandsaharica
Mauremys reevesiiverson et al. (1989) and Barth et al.
(2003, 2004) refuted the validity of the terminal taxon
megalocephaldang 1934, but it has continued to be
recognized by Chinese researchers (Guo et al., 1997;
Zhao, 1997; Zhang et al., 1998), and Fritz and Havas
(2006, 2007) listed it as a separate taxon with specula-
tion about its relationships.

Melanochelydrijuga edenianaThe subspeciesiroti
Reimann 1979 was recognized by Iverson (1992), but
David (1994) suggested that it was synonymous with
edenianaand Fritz and Havas (2006, 2007) followed
this arrangement.

Pangshura[formerly in Kachugd: Das (2001) and 54.
Schleich and Kastle (2002) used the n&aegshurao

refer to small-bodie&achuga A phylogeny based on
DNA data (Spinks et al., 2004) showed tKathuga

was paraphyletic and so removiaviventer smithii,
sylhetensigectg andentoriainto the genuBangshura
Praschag et al. (2007b) using mtDNA confirmed the
well-supported monophyly dfangshura

Pangshura tentoria flaviventeiSchleich and Kastle
(2002) elevatedlaviventerto full species status based
on sympatry witltircumdatabut Praschag etal. (2007b)
performed a phylogeographic analysis and retained
flaviventeras a subspecies tntoria

Siebenrockiella leytensiformerly in Heosemyjs
Diesmos et al. (2005) placéelytensisinto the genus
Siebenrockielldased on strong genetic evidence for its
sister relationship t8. crassicollis

Vijayachelys silvaticdformerly in Geoemydh This
species was originally named as a speci€eoemyda
However, a molecular study by Praschag et al. (2006)
suggested a distant relationship with that genus and they
recommended that it be placed in the new monotypi&5.
genusVijayachelys

The Geochelonecomplex: This generic complex in-
cludes the gener&eochelong Aldabrachelys,
Astrochelys Angonoka Centrochelys, Chelonoidis
Dipsochelys and StigmochelysLapparent de Broin
(2000b), Gerlach (2001, 2004)e et al. (2006), and
Fritz and Bininda-Emonds (2007) recommended divid-56.
ing the Geochelonecomplex into several genera, al-
though their schemes differ somewhat. A general con-
sensus on a generic-level revision for some members of

183

the groupis lacking while in other areas (&gtrochelys
radiata, Chelonoidi3 there is agreement.
Aldabrachelysr DipsochelysBour (1982) originally
recommended that Aldabran tortoisesigsumierior
giganteg be placed in the genbspsochelysnstead of
AldabrachelysHowever Aldabrachelyss still widely
used, including sometimes by Bour (Austin etal., 2003),
thoughDipsochelyss favored by others (Palkovacs et
al., 2002, 2003; Gerlach, 2004). There is recent dis-
agreement regarding the type specimenTe$tudo
gigantea the type species dfldabrachelysthat was
presumed lost. Frazier (2006) designated a neotype for
T. giganteaan act that would seemingly validate the
use of bothAldabrachelysand the terminal taxon
gigantea Around the same time, Bour (2006) rediscov-
ered the original lost type specimen, which is actually an
individual of the South American tortoi§#elonoidis
denticulata If this claim is correct, then the names
Aldabrachelysor giganteamight not be applicable to
Aldabran tortoises. Whether Frazier's neotype designa-
tion or Bour’'s specimen rediscovery prevails
nomenclaturally remains a matter of ongoing debate,
but since Bour (2006) was the most recently published
authority we use the namdussumierirather than
giganteain our list.

Aldabrachelysor Dipsochelysspecies: Gerlach and
Canning (1998) recognized six species of tortoises in
Aldabra, Madagascar, and the Seychelles (three of
whichwere extinctabrupta daudinii, andgrandidieri).

The two species from Madagascar became extinct prior
to modern timesapruptaGrandidier 1868 in ca. 1250
AD andgrandidieriVaillant 1885b in ca. 950 AD) so
we do not include them in our list of modern taxa.
Palkovacs et al. (2002, 2003) questioned the validity of
multiple extant species based on their analysis of ge-
netic data, recognizing only a single living taxon
(Dipsochelys dussumigriGerlach and Bour (2003)
reemphasized the validity of the extant species based on
the observation that the hatchlings are diagnostic. Fritz
and Havas (2006, 2007) recognized only one extant
species of Indian Ocean giant tortoise which they re-
ferred toAldabrachelys gigantedut did not address
the findings of Gerlach and Bour (2003) or Bour (2006).
As we consider the issues surrounding the validity of
these species as remaining unresolved, we list all these
species as potentially valid.

Aldabrachelysor Dipsochelys dussumieriverson
(1992) listed this species &eochelone gigantea
Schweigger 1812. Many authors now dassumierfor

the Aldabra tortoise (see above), but others persistin using
the older nam@gigantea(e.g., Fritz and Havas, 2006,
2007), and others have used the nalegghantinduméril

and Bibron 1835 (David, 1994; Devaux, 2007).
Astrochelysor Angonoka yniphorale et al. (2006)
namedAngonokafor yniphorabecause of its uncertain
phylogenetic position. Fritz and Bininda-Emonds (2007)
recovered a weak sister relationship betwgdphora
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andAstrochelys radiatainder some algorithms and rec- 66.

ommended thatniphorabe placed istrochelys
Chelonoidis petersiAccording to Cabrera (1998), cit-

ing morphologic and osteologic work by Fernandez67.

(1988), Chelonoidis chilensishould be divided into
two species;hilensisand petersiFreiberg 1973, but he
considered the taxatonosobarroskreiberg 1973 to be
synonymous witlehilensis Fritz and Havas (2006, 2007)
speculated thatetersimay not be valid and synonymized

it under chilensis,citing phenotypic plasticity in other 68.

tortoise species as a reason for not accepting the reported
differences betwegpetersiandchilensis

Chelonoidis nigra Most recent authors have consid-
ered the various taxa of Galapagos tortoises as subspe-
cies ofigra(e.qg., Pritchard, 1996; Cacconeetal., 1999;

Fritz and Havas, 2006, 2007), but Caccone et al. (20059.

and Russello et al. (2005, 2007) treated them as distinct
species. The nomenclatural and survival status of these
taxa were discussed in detail by Pritchard (1996).
Chelonoidis nigrachathamensisThis taxon described
from western Chatham Island (San Cristébal) appears
to have been extirpated from its original range, but a

population of tortoises persists on eastern Chatharvo.
Island that was considered a possible separate subspe-

cies by Pritchard (1996). Pending genetic analysis and

resolution of this issue we continue totisathamensis  71.

as the extant taxon from Chatham, whereas Fritz and
Havas (2006, 2007) listed it as extinct, but made no
mention of the extant population.

Chelonoidis nigraluncanensisThis taxon from Duncan
Island (Pinzén) was historically usually referred to
ephippiumGunther 1875, but Pritchard (1996) demon-
strated thaephippiumwas a synonym oébingdonii
and therefore resurrected the old nomen nudum
duncanensi&arman 1917.

The nominotypical subspeciegra from Charles Is-
land (Santa Maria or Floreana) is considered to be

extinct and is therefore included separately on this list72.

Chelonoidis nigraphantasticaThis taxon was listed by
Fritz and Havas (2006, 2007) as extant, but Pritchard
(1996) considered it probably extinct.

Chelonoidis nigraporteri: This taxon from Indefati-
gable Island (Santa Cruz) has often been referred to
nigrita Duméril and Bibron 1835, but most recent
authors, including Pritchard (1996) and Fritz and Havas
(2006, 2007) have useubrteri.

Chelonoidis nigravicina: This widespread taxon from
Albemarle Island (Isabela) was previously recognized
as one of several valid taxa on that island, including
becki Rothschild 1901 microphyesGlnther 1875,
guentherBaur 1889, angandenburghDe Sola 1930.
Pritchard (1996) synonymizedicrophyesguentherj
andvandenburghundervicina, and recognized only
vicinaandbeckifrom Albemarle.

Cylindraspis indica Includes the recently described
borbonicaBour 1978 in synonymy, based on genetic
work by Austin and Arnold (2001).

Cylindraspis vosmaeri-ritz and Havas (2006) credited
Fitzinger 1826 with authorship of this name, but cor-
rected it to Suckow 1798 in their 2007 checklist.
HomopusA separate taxon éfomopusvas referred to

H. bergeriLindholm 1906 by Branch (1989). However,
that name was a junior synonym BBammobates
tentorius verroxiiSmith 1839 (Branch, 1992; Boycott
and Bourquin, 2000), and the new taxon was recently
described akl. solusby Branch (2007).

Indotestudo travancoricalhis taxon was previously
considered a subspeciesfofstenii (Hoogmoed and
Crumly, 1984; Iverson, 1992), but was resurrected to
species status by Pritchard (2000) based on morphol-
ogy, a conclusion supported by mtDNA analysis by
Iverson et al. (2001c).

Kinixys belliana Fritz and Havas (2006, 2007) recog-
nized onlybelliana and nogueyj following Broadley
(1993) uncritically, but others (Iverson, 1992; David,
1994; Iverson et al., 2001a) also recognidecherguei
andzombensisAs the phylogeography of this broadly
distributed species complex has not been analyzed, we
list the four most widely recognized subspecies.

Pyxis arachnoidesThe three recognized subspecies
have recently been confirmed as genetically distinct
lineages (Chiari et al., 2005).

Stigmochelysr Psammobates pardaliBased on ge-
netic analysis, Le et al. (2006) recommended that this
taxon be included in an expanded gePssmmobates
Fritz and Bininda-Emonds (2007) argued for the reten-
tion of a monophyleticPsammobate®xclusive of
pardalis Le at al. (2006) also found a high level of
mitochondrial divergence between two specimens as-
signed to the two subspecigardalisandbabcocki In
conjunction with morphological distinctions between
these two taxa (Loveridge and Williams, 1957; Broadley,
1989), the preliminary genetic data suggest that they
may be different at the species level.

Testudoor Agrionemys The speciesorsfieldii and
hermannihave been alternatively placed in the genera
Testudoor Agrionemys(Khosatzky and Mlynarski,
1966; Gmira 1993, 1995) ahérmannalso recently in
EurotestudoLapparent de Broin (2000a,b) and Parham
et al. (2006b) supported the placemertiaffieldiiin

the genug\grionemysbut suggested that a new genus
name was needed ftiermanni Later Lapparent de
Broin et al. (2006) created the naf@erotestuddfor
hermannj but Fritz and Bininda-Emonds (2007) dem-
onstrated that older genus namé&shérsine and
Medaestia are available for that species. Fritz and
Bininda-Emonds (2007) recovered a weakly mono-
phyletic clade that includdabrsfieldii, hermannj and

the three core species Béstudagraeca kleinmannj
andmarginatgd. Based on this phylogeny they recom-
mended that all of these species be placed in the genus
TestudoThe genetic support for some nodes within this
clade is not strong and the decision to lump or split is
subjective (e.g., whethagrionemyshould be used for
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horsfieldiiis open to debate), therefore the taxonomy of
this group may remain in flux for some time.

Testudo graecaThis species complex has been the81.
subject of massive taxonomic revisions at the species
and subspecies level. These revisions have resulted in
the naming and elevation of numeroustaxa (e.g., Perala,
2002a,b,c). Several studies (van der Kuyl et al., 2002,
2005; Harris et al., 2003; Carretero et al., 2005; Parhar@2.
etal., 2006b,c; Fritz et al., 2007) have explicitly refuted
the validity of many of these taxonomic acts. Fritz et al.
(2007) proposed a taxonomic scheme that recognized
five mitochondrial clades in the eastern part of the range
of T. graecaas subspecies, but did not address the status
of several North African subspecies. Since this is the
most recent taxonomic suggestion, it is listed here83.
However, in their recent checklist, Fritz and Havas
(2006, 2007) included not only the eleven taxa we list,
but alsoanamurensisVeissinger 1987antakyensis
Perala 1996floweri Bodenheimer 1935nikolskii
Chkhikvadze and Tuniyev 198pallasi Chkhikvadze
and Bakradze 2002, angkersesPerdla 2002c. The
relationships within this species complex remain uncer85s.
tain and we expect its taxonomy to continue fluctuating.
Testudo kleinmannBaha el Din (2006), Siroky and
Fritz (2007), and Attum et al. (2007) explicitly refuted
the validity ofwerneri Peralda 2001 as a species distinct
from kleinmanni.

Testudo marginataFritz et al. (2005b) explicitly re-
futed the validity ofveissingerBour 1996 as a subspe-
cies ofmarginata

Testudo hermanniritz et al. (2006b) explicitly refuted

the validity of hercegovinensi$Verner 1899 (previ-
ously resurrected by Perala, 2002b) and recommended
thatboettgeribe considered a subspeciefiefmanni
Testudo horsfieldiin a conference proceedings, Perala
(2002a) elevated two subspecies hodrsfieldii  86.
(kazachstanicaandrustamovj to full species status.
This was accepted by Lapparent de Broin et al. (2006),
but warrants reconsideration, especially considering the
evidence for unjustified taxonomic inflation in related
tortoises inthe same work (van der Kuyl etal., 2002, 2005;
Fritz et al., 2005b, 2006b; Parham et al., 2006b,c).
Carettochelys insculpta cannrhis subspecies from
northern Australia described by Wells (2002a) was only87.
weakly defined as different from the nominotypical
subspecies from New Guinea. We list it tentatively
pending further analysis, as did Fritz and Havas (2006),
although they excluded it from their 2007 checklist. 88.
Apalone spinifera atraThis taxon has usually been
designated a subspeciesspinifera(usually with the
original spellingater), but others (e.g., Flores-Villela,
1993; David, 1994) have listed it as a full species,
though usually without specific argumentation.
Aspideretesr Nilssonia Engstrom et al. (2004) found
Aspidereteto be paraphyletic with respectNdssonia
formosabased on morphologic and genetic criteria.
Praschagetal. (2007a) formally synonymixsgideretes

84.
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into an expanded concept Wflssoniabased on their
analysis of mtDNA of all five included taxa.
Aspideretesor Nilssonia nigricans Recent morpho-
logic and genetic work on this species previously known
only from a single captive population has demonstrated
that it also occurs in the wild (Praschag and Gemel,
2002; Praschag et al., 2007a).

PelodiscusThe genus has recently been recognized as
including up to four separate species by some authori-
ties (David, 1994; Zhao, 1997; Chen et al., 2005, 2006;
Fritz and Havas, 2006, 2007). Relationships within the
genus are far from resolved and also complicated by
translocation and mixing of huge numbers of farm-
raised individuals from many parts of the range.
Rafetus swinhoeilncludes the recently described
Pelochelys taihuensighang 1984 (Farkas, 1992) and
Rafetus leloiiDuc 2000 in synonymy (Farkas and
Webb, 2003).

Acanthochelys macrocephalincludes the recently
describedPhrynops chacoendisitz and Pauler 1992in
synonymy (Fritz and Pauler, 1999).

Chelodina This genus was split into three genera by
Wells and Wellington (1985), usir@ghelodinafor the
narrower-headed shorter-necked spediasgicollis,
novaeguineade and establishingylacrochelodinafor

the broader-headed longer-necked speaetofga,
expansarugosa, siebenrockiandHesperochelodina

for steindachneri Iverson et al. (2001b) refuted the
availability of the namédesperochelodinabut vali-
datedMacrochelodina Georges et al. (2002) retained
Chelodinafor the entire genus, but identified three
phylogenetic clades within the genus and recommended
recognition of three subgenera (but did not name them).
Fritz and Havas (2006, 2007) accepted two of these clades
(ChelodinaandMacrochelodind as separate genera.
Chelodina canniThis taxon is the same as the previ-
ously describetankiniWells and Wellington 1985, but
that name was declared invalid asamen nudurby
Iverson et al. (2001b). Wells (2007a) recently disputed
this interpretation and redescribehkini, but canni
McCord and Thomson 2002 retains nomenclatural pre-
cedence andankini Wells 2007a is therefore a junior
synonym ofcanni

Chelodina mccordi roteensighis recently named sub-
species described in the hobbyist literature needs ge-
netic confirmation of its distinctiveness, but we recog-
nize it pending further analysis.

Chelodina oblongaThomson (2000) showed that the
holotype ofoblongaGray 1841 is a specimen of what is
currently regarded aShelodina rugosagilby 1890.

An application is before the International Commission
for Zoological Nomenclature (ICZN) to conserve cur-
rent usage of the nan@ rugosaOgilby 1890 for the
northern snake-necked turtle and to apply the earlier
available nameChelodina colleiGray 1856a to the
long-necked species of southwestern Australia, while
retaining the nomenclatural availability of the name
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oblonga for potential future designation of distinct 97. Elseyaor Wollumbinia bellii The taxondorriani

populations ofrugosa(Thomson, 2006). Though no
decision has yet been rendered by the ICZN, Fritz and
Havas (2006, 2007) used the nanadliei for this

southwestern population. Georges et al. (2002) found8.

support that this taxon represents a third subgenus under
Chelodina but did not formally establish it under a
generic-level name.

Chelodina timorensisThis species recently described

in the hobbyist literature by McCord et al. (2007b) was

also described a few months later as a new subspecies of

mccordi (‘timorlestensi§ by Kuchling et al. (2007),

but the McCord et al. description has chronologic pre-
cedence. Concerns surrounding the history and meth-
odology of the description éimorensisoy McCord et

al. are discussed by Kuchling et al. (2007) and serve to
emphasize our recommendations (made in our other

chapter in this volume) to follow certain procedural 99.

guidelines for descriptions of new taxa (Turtle Tax-
onomy Working Group, 2007).

Chelodina kuchlingiThis species was described from

a single specimen, leading to doubts about its validity
(Georges and Thomson, 2006; Fritz and Havas, 2006,
2007), but it remains listed pending further exploration
of its remote area of provenance.

Chelodina rugosaThe speciesiebenrockiWerner
1901 was considered valid by Rhodin and Mittermeier
(1976) and Rhodin and Genorupa (2000), but synony-
mized underugosaby Georges et al. (2002) based on
weakly differentiated allozymes within the broader
rugosacomplex.

ElseyaThis genus has been recognized as consisting of

two separate lineages (Georges and Rose, 1996; Georges

and Thomson, 2006). It was subsequently split into two
genera,Elseyaand Wollumbinig by Wells (2007c),
with latisternumdesignated genotype ®¥ollumbinia
Papers by Wells (2002a,b; 2007a,b,c) and Wells and
Wellington (1985) have been self-published without any
peer review and also highlight our recommendations to
follow certain procedural guidelines for descriptions of
new taxa (Turtle Taxonomy Working Group, 2007).
Elseya branderhorstirhis species was considered valid

Wells 2002b is anomen nudunwithout a type
designation, but was recently considered a valid
subspecies dbellii by Wells (2007c).

Emydura macquariiThe taxonomy of. macquarii
was previously reviewed by Georges and Adams (1996).
Later, Cann et al. (2003) and McCord et al. (2003)
described two new subspecies, but taxa previously
described by Cann in 199Bifjing, dharra, dharuk
andgunabarra) plussignataAhl 1932 were not spe-
cifically evaluated by those authors. However, these
taxa were all recognized as subspeciesadquariiby
Fritz and Havas (2006, 2007), and since
phylogeographic variation in theacquarii species
complex has not yet been fully resolved with adequate
genetic work, we tentatively list all these subspecies as
valid, pending further analysis.

Emydura subglobosa worrellOriginally described as
Tropicochelymys worrellthis taxon was synonymized
underEmydura victoriaésray 1842 by Iverson (1992)
and the nomenclatural validity of the species name
confirmed by Iverson et al. (2001b). Cann (1998)
considered it a distinct species, but Georges and
Thomson (2006), partially based on electrophoretic
work by Georges and Rose (1996), concluded that it
was best referred to as a subspeciesutiiglobosa
Krefft 1876. Fritz and Havas (2006, 2007) also listed it
as a subspeciesaibglobosgbut Georges et al. (2006)
referred to it as a species, though without providing
data or argument.

100.Phrynops Wermuth and Mertens (1977) divided

this genus into three subgenerBhrynops
Batrachemys and MesoclemmysCabrera (1998)
and Georges et al. (1998) elevated these subgenera
to generic levelMcCord et al. (2001) further di-
vided the remaining monophyletithrynopsinto a
total of four genera Rufocephala Phrynops
Ranacephalaand Rhinemys Joyce et al. (2004)
did not accept the taxonomic acts of McCord et al.
(2001). Bour and Zaher (2005) synonymized
BufocephalaandRanacephalavith Mesoclemmys
but recognizedRhinemysas distinct.

by Rhodin and Genorupa (2000), Thomson etal. (2006),01. Mesoclemmys heliostemnfaueda-Almonacid et al.

and Georges and Thomson (2006).

Elseya jukesiThe namgukesiWells 2002b was@aomen
nudumsince no type specimen was designated, but the
species was recently redescribed by Wells (2007b).

(2007) questioned the validity of this taxon which is
completely sympatric withaniceps suggesting that it
may simply represent a juvenile color morph of that
taxon, and recommended genetic analysis.

Elseya schultzeThis species was listed by Thomson 102. Pelomedusa subruf&Gasperetti et al. (1993) recom-

et al. (2006) and Georges and Thomson (2006), but
neither morphologic nor genetic data have been
analyzed from the type population and its status
remains unclear.

Elseya stirlingi The previously named taxastirlingi
Wells and Wellington 1985 was declared invalid as a

mended that the two previously recognized subspecies
(nigra Gray 1863b andlivaceaSchweigger 1812) be
abandoned.

103.Pelusios seychellensi¥he taxonomic status of this

species is unclear. Gerlach and Canning (2001) con-
cluded that it is extinct.

nomen nuduray Iverson et al. (2001b) (though spelled 104. Podocnemididae or Podocnemidae: Cope (1868) used

erroneously asterlingi), but was recently redescribed
as a valid species by Wells (2007b).

the name Podocnemididae to refer to this clade. Baur
(1893b) later referred to this group as Podocnemidae.
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continued to usanifilis. American Naturalist 23(276):1039-1057.
Baur, G. 1890. Two new species of tortoises from the south. Science
ACKNOWLEDGMENTS 16:262-263.

Baur, G. 1893a. Notes on classification and taxonomy of the

This material is based upon work supported by the NSF Testudinata. Proceedings of the American Philosophical Society
under grant # DEB-0507916 for the Turtle Genetics work- 31:210-225. S .

. .. Baur, G. 1893b. Notes on the classification of the Cryptodira.
shop held from 7-12 August 2005 at Harvard University. Ameri ) )

- . . merican Naturalist 27:672—674.
Additional financial Squort for the workshop Cam?from theBAUR, G. 1893c. Two new species of North American Testudinata.
Museum of Comparative Zoology (Harvard University), american Naturalist 27:675-677.

Chelonian Research Foundation, and Conservation Interngaur, G. 1925. Kinosternon abaxillarg In: Stejneger, L. New
tional. species and subspecies of American turtles. Journal of the Wash-
ington Academy of Science 15:462-463.
LITERATURE CITED BeLL, T. 1825. A monograph of the tortoises having a moveable
sternum, with remarks on their arrangement and affinities. Zool
AbLER, K. 2007. The development of systematic reviews of the turtles Jour. 2:299-310.
of the world. Vertebrate Zoology 57(2):139-148. BELL, T. 1827. On two new genera of land tortoises. Trans. Linn. Soc.
Acassiz, L. 1857. Contributions to the Natural History of the United  London 15:392-401.
States of America. First Monograph. Volume 1. Part |. Essay ofBELL, T. 1828. Descriptions of three new species of land tortoises.
Classification. PartII. North American Testudinata. Boston: Little, Z00l- Journ. London 3:419-421.
Brown and Co., pp. 1-452. BerRrY, J.F.anD Iverson, J.B. 1980. A new species of mud turtle,
AnL, E. 1932. Beschreibung einer neuen Schildkréte aus Australien. genusinosternonfrom Oaxaca, Mexico. Journal of Herpetology
Sitzungsber. Ger. Naturforsch. Freunde Berlin 1932(1/3):127-129.  14(4):313-320.
Anperson J. 1875. Description of some new Asiatic mammals andBERRY, J.FAND LEGLER, J.M. 1980. Anew turtle (genknosterno)
Chelonia. Ann. Mag. Nat. Hist. (4)16:282-285. from northwestern Mexico. Contrib. Sci. Nat. Hist. Mus. Los Ang.
Anperson J. 1879. Anatomical and zoological researches: comprisingan County 325:1-12.
account of the zoological results of the two expeditions to westerRERRY, J.F., &eL, M.E., aND Iverson, J.B. 1996. Kinosternon
Yunnan in 1868 and 1875. London: Vol. I, 985 pp., Vol. II, plates. ~ chimalhuac In: Rogner, M. SchildkrGten 2. Hiirtgenwald: Heidi-
AnnanpaLe, N. 1913. The tortoises of Chota Nagpur. Records Indian Rogner-Verlag, pp. 23-24.

Mus. 9(5):63-78. BERRY, J.F., 8DEL, M.E.,AnD IVERSON J.B. 1997. A new species of
AnnanDALE, N. 1918. Chelonia and Batrachia of the Inlé Lake. Rec. mMud turtle (genukinosternonfrom Jalisco and Colima, Mexico,

Indian Mus. 14:67-69. with notes on its natural history. Chelonian Conservation and
ATTum, O., BaHAELDIN, S., GRRANZA, S., BRLEY, R., ARNOLD, E.N., Biology 2(3):329-337.

anD KINGsBURY, B. 2007. An evaluation of the taxonomic validity BickHam, J.W., Lavs, T., Minx, P..aNp Patron, J.C. 1996. Molecular

of Testudo werneriAmphibia-Reptilia 28(3):393-401. systematics of the gen@emmysand the intergeneric relation-

AusTiy, J.J.anD Arnotb, E.N. 2001. Ancient mitochondrial DNA  ships of emydid turtles. Herpetologica 52:89-97.
and morphology elucidate an extinct island radiation of IndianBLANck, T., McCoro, W.P.anp Le, M. 2006. On the variability @uora
Ocean giant tortoiseCylindraspig. Proceedings of the Royal  trifasciata (Bell, 1825); the rediscovery of the type specimen, with
Society of London 268B:2515-2523. descriptions of ane@uoraspecies and subspecies, and remarks onthe

AusTiN, J.J., Z&RnoLp, E.N.,anp Bour, R. 2003. Was there a second  distribution, habitat and vulnerability of these species (Reptilia:
adaptive radiation of giant tortoises in the Indian Ocean? Using Testudines: Geoemydidae). Frankfurt: Chimaira, pp. 153.
mitochondrial DNA to investigate speciation and biogeography oBLYTH, E. 1853. Notices and descriptions of various reptiles, new or
Aldabrachelys(Reptilia, Testudinidae). Molecular Ecology little known. J. Asiatic Soc. Bengal 22:639-655.

12:1415-1424. BLyTH, E. 1856. Notabilia contained in the collections presented by

Baxa EL Din, S. 2006. A guide to the amphibians and reptiles of Capt. Berdmore and Mr. Theobald. J. Asiatic Soc. Bengal Calcutta
Egypt. Cairo: The American University in Cairo Press, pp. 359. 24:713-723.

Barp, S.F.anD Girarp, C. 1852. Descriptions of new species of BLyH, E. 1863. A collection of sundries from different parts of
reptiles collected by the U.S. exploring expedition under the Burma.Reporton the collections presented by Capt. Berdmore and
command of Capt. Charles Wilkes, U.S.N. Proceedings of the Mr. Theobald. J. Asiatic Soc. Bengal 32:78-90.

Acadademy of Natural Sciences, Philadelphia 1852:174-177. Bocourt, M.-F. 1868. Description de quelques cheloniens nouveaux

BaRBOUR, T. AND CaRR, A.F., k. 1938. Another Bahamian fresh- ~ a@ppartenant a la faune Mexicaine. Ann. Sci. Nat. Zool. Paris

water tortoise. Proc. New Engl. Zool. Club 17:75-76. (5)10:121-122.
BARBOUR, T.AND CARR, A.F., k. 1940. Antillean terrapins. Memoirs Boppaert, P. 1770. Brief van de kraakbeenige schildpad. Epistola de
of the Museum of Comparative Zoology 54(5):381-415. testudine cartilaginea. Amsterdam: Kornelis van Tongerlo, 39 pp.

BarTH, D., BErNHARD, D., QuickiNG, D., Sock, M., anp Fritz, U. BobenHEIMER, F.S. 1935. Animal Life in Palestine. Jerusalem, 235 pp.



188 Defining Turtle Diversitys Chelonian Research Monographs, No. 4 — 2007

Bocert, C.M. 1943. A new box turtle from southeastern Sonora, (Schweigger, 1812) dans le sud du Maroc: la “tortue aux yeux
Mexico. American Museum Novitates 1226:1-7. bleus” (Reptilia, Chelonii, Geoemydidae). Manouria 1(2):22-52.

BoNNATERRE, P.-J. 1789. Tableau Encyclopédique et Méthodique deBour, R.anp MAraN, J. 2003. Une nouvelle espéceRidusiosde
Trois Régnes de la Nature. Erpétologie. Paris: Panckoucke, Hotel Cote d’lvoire (Reptilia, Chelonii, Pelomedusidae). Manouria

de Thou, 70 pp. 6(21):24-43.
BouLencer, G.A. 1886. On the South-African tortoises allied to Bour, R.,aND ZAHER, H. 2005. A new speciesidiesoclemmy$rom
Testudo geometric&roc. Zool Soc. Lond. 1886:540-542. the open formations of northeastern Brazil (Chelonii, Chelidae).

BouLencer, G.A. 1888a. Description of a new land-tortoise from Papeis Avulsos de Zoologica 45:295-311.
South Africa, from a specimen living in the Society’s Gardens BourreT, R. 1939a. Notes herpetologiques sur I'lndochine francaise.

Proceedings of the Zoological Society of London 1888:251. XVI. Tortues dela collection du Laboratoire des Sciences Naturelles
BouLencer, G.A. 1888b. On the chelydoid chelonians of New de I'Universite. Description d’une espece nouvelle. Annexe Bull.
Guinea. Ann. Mus. Civ. Stor. Nat. Genova (2)6:449-452. Gen. Instr. Publ. 1939:1-34.

BouLenger, G.A. 1889. Catalogue of the Chelonians, Rhyn-Bourret, R.1939b. Notes herpetologiques sur I'lndochine francaise.
chocephalians, and Crocodiles in the British Museum (Natural XVIII. Reptiles et batraciens recus au Laboratoire des Sciences

History). London: Trustees of the Museum, 311 pp. Naturelles de I'Université au cours de I'année 1939. Descriptions
BouLenGeR G.A. 1895. On the American box turtles. Ann. Mag. Nat.  de quatre espéces et d'une variété nouvelles. Annexe Bull. Gen.
Hist. (6)15:330-331. Instr. Publ. 1939:1-40.

BouLenGeR G.A. 1902. Descriptions of new batrachians and reptileBowen, B.W., MevLan, A.B., Ross J.P., impus, C.J., Buazs, G.H.,
from northwestern Ecuador. Ann. Mag. Natur. Hist. (7)9:51-57. anp Awisg, J.C. 1992. Global population structure and natural
BouLencer, G.A. 1903. Report on the batrachians and reptiles. In: history of the green turtl€helonia mydgsn terms of matriarchal
Annandale, N. and H.C. Robinson. (Eds.). Fasciculi Malayensis, phylogeny. Evolution 46:865-881.
anthropological and zoological results of an expedition to PereBovcotT, R.C.,anp Bourquin, O. 2000. The Southern African Tortoise
and the Siamese Malay States, 1901-1902. Zoology. Liverpool: Book. A Guide to Southern African Tortoises, Terrapins and Turtles.

Univ. Press., pp. 131-170. Revised expanded edition. Pietermaritzburg: Interpak, 228 pp.
BouLencer, G.A. 1906. Descriptions of new reptiles from Yunnan. Branch, W.R. 1989Homopus bergerinama or Berger's padloper

Ann. Mag. Natur. Hist. (7)17:567-568. (English), Bergerse skilpad (Afrikaans). In: Swingland, I.R. and
BouLeNnGeER G.A. 1907. A new tortoise from Travancore. J. Bombay Klemens, M.W. (Eds.). The Conservation Biology of Tortoises.

Natur. Hist. Soc. 17:560-564. Occasional Papers of the IUCN Species Survival Commission No.
BouLencer G.A. 1921. Description of a new land tortoise from 5, pp. 75-77.

northern Persia. J. Bombay Nat. Hist. Soc. 27:251-252. BrancH, W.R. 1992Homopus 'berger# a wrong name for a new

Bour, R. 1973. Contribution a la connaissanc®bg/nops nasutus tortoise from southern Namibia. Journal of the Herpetological
(Schweigger: 1812) thrynops tuberculatfsuederwaldt: 1926). Association of Africa 40:11.

Description d’'une nouvelle sous-espéce originaire du ParaguairancH, W.R. 2007. A new species of tortoise of the gétarmopus
Phrynops tuberculatus vanderhaeg&éstudinata - Pleurodira - (Chelonia: Testudinidae) from southern Namibia. African Journal
Chelidae). Bull. Soc. Zool. France 98(1):175-190. of Herpetology 56:1-21.

Bour, R. 1978. Les tortues des Mascareignes; description d’'unBranot, J.F. 1857. Observationes quadam ad generis Trionychum
espece nouvelle d’aprés un document (Mémoires de I'’Académie) species duas novas spectantes. Bull. Acad. Imper. Sci. St.
de 1737 dans lequel le crane est figuré. C. R. Acad. Sci. Paris Petersbourg Cl. Phys.-Mathemat. 16:110-111
287D:491-493. BroabLEY, D.G. 1981. A review of the gen&elusiosWagler in

Bour, R. 1982. Contribution a la connaisance des tortues terrestressouthern Africa (Pleurodira: Pelomedusidae). Occas. Pap. Nat.
des Seychelles: définition du genre endémiqueet description d'unde Mus. Rhodesia B. Nat. Sci. 6(9):633-686.
espéce nouvelle probablement originaire des fles grantiques BkoabLey, D.G. 1989Geochelone pardali¢eopard tortoise (English),
bord de I'extinction. Comptes Rendus de I'’Académie des Sciences bergskilpad (Afrikaans). In: Swingland, I.R. and Klemens, M.W.
295:117-122. (Eds.). The Conservation Biology of Tortoises. Occasional Papers of

Bour, R. 1983. Trois populations endemiques du gémlesios the IUCN Species Survival Commission No. 5, pp. 43-46.

(Reptilia, Chelonii, Pelomedusidae) aux iles Seychelles; relationBroabLey, D.G. 1993. A review of the southern African species of
avec les especes africaines et malgaches. Bull. Mus. Nat. Hist. Nat.Kinixys Bell (Reptilia, Testudinidae). Annals of the Transvaal

Paris (4)5A:343-382. Museum 36(6):41-52.
Bour, R. 1984. Note sWRelusios williamsLaurent, 1965 (Chelonii, BropHy, T.R. 2004. Geographic variation and systematics in the
Pelomedusinae). Rev. Fr. Aquariol. 11:27-32. south-east Asian turtles of the gerialayemys(Testudines:

Bour, R. 1986. Note suPelusios adanson{iSchweigger, 1812) et Bataguridae). Hamadryad 29:63-79.
surune nouvelle espece affine du Kenya (Chelonii, Pelomedusida@&urxe, R.L., Leuteritz, T.E.,an0 WoLr, A.E. 1996. Phylogenetic

Stud. Palaeocheloniol. 2:23-54. relationships of emydine turtles. Herpetologica 52:572-584.
Bour, R. 1996. Une nouvelle espéece de tortue terrestre dans @srers, M.R. 1998. Las Tortugas Continentales de Sudamerica
Péloponnése (Grece). Dumerilia 2(1995)[1996]:23-54. Austral. Cérdoba: BR Copias, pp. 108.
Bour, R. 2000. Une nouvelle especeérddusiosdu Gabon (Reptilia, Casrera, M.R.,anp CoLanTonio, S.E. 1997. Taxonomic revision of
Chelonii, Pelomedusidae). Manouria 3(8):1-32. the South American subspecies of the tuKi@osternon
Bour, R. 2006. Identity oTestudo gigante&chweigger, 1812 and scorpioides. Journal of Herpetology 31: 507-513.
rediscovery of the type specimen. Emys 13:12-23. Caccong, A., GBss, J.P., KTMAER, V., SuaTONI, E. ,AND PoweLL, J.R.

Bour, R.anD Dugols, A. 1986. Nomenclature ordinale et familiale  1999. Origin and evolutionary relationships of giant Galapagos
destortues (Reptilia). Bulletin Mensuel de la Société Linnéenne de tortoises. Proc. Natl. Acad. Sci. USA 96:13223-13228.
Lyon 55:87-90. Caccong, A., GenTiLE, G., GBBS, J.P., RiTTs, T.H., S\ELL, H.L.,AND

Bour, R. anD MAraN, J. 1998. Taxinomie dilauremys leprosa PoweLL, J.R.2002. Phylogeography and history of giant Galapagos



TurTLE TAaxonoMy WoRkKING GrRourp— Annotated List of Turtle Taxa 189

tortoises. Evolution 56:2052-2066. Nauk Gruzii 21:276-279.
CacLe, F.R. 1953. Two new subspecies Gfraptemys  ChkHikvapzE, V.M. anD TunivEv, B.S. 1986. [On the taxonomic
pseudogeographic®ccasional Papers of the Museum of Zool-  status of modern land tortoise of the western Transcaucasus.] Bull.

ogy of the University of Michigan 546:1-17. Acad. Sci. Georg. SSR (Soobshch. Akad. Nauk Gruz. SSR)
CaclLE, F.R. 1954. Two new species of the geBtaptemysTulane 124(3):617-620.

Studies in Zoology 1:167-186. CHKHIKVADZE , V.M., AMIRANASHVILI , N.G. AND ATAEV, C.A. 1990. Noviy
Cann, J. 1997a. Georges short-necked turtle. Monitor (J. Victorian podvid sukhoputnoi cherepakhi iz yugo-zapadnovo Turkmenistana.

Herp. Soc.) 9(1):18-23, 31-32. [A new subspecies of tortoise from southwestern Turkmenistan.] Izv.
Cann, J. 1997b. The northern yellow-faced turtle. Monitor (J. Victo-  Akad. Nauk. Turkm. SSR Ser. Biol. Nauk 1:72-75.

rian Herp. Soc.) 9(1):24-35. Conant, R.anD Goin, C.J. 1948. A new subspecies of soft-shelled
Cann, J. 1997c. Irwin’s turtle. Monitor (J. Victorian Herp. Soc.) turtle from the central United States, with comments on the

9(1):36-40, 31-32. application of the namé&myda Occ. Pap. Mus. Zool. U. Mich.
Cann, J. 1997d. Kuchlings turtle. Monitor (J. Victorian Herp. Soc.) 510:1-19.

9(1):41-44, 32. Coorer J.G. 1863. Description &ferobates agassiziProc. Calif.
Cann, J. 1998. Australian Freshwater Turtles. Singapore: Beaumont Acad. Sci. San Francisco 2:118-123.

Publ., 292 pp. Corg, E.D. 1865. Third contribution to the herpetology of tropical

CanN, J.AND LEGLER, J.M. 1994. The Mary River tortoise: a new  America. Proc. Acad. Nat. Sci. Philad. 17:185-198.
genus and species of short-necked chelid from Queensland, AuSerg, E.D. 1868. On the origin of genera. Proceedings of the
tralia (Testudines; Pleurodira). Chelonian Conservation and Biol- Academy of Natural Sciences of Philadelphia 1868:242—-300.
ogy 1(2):81-96. Corg, E.D. 1870. Seventh contribution to the herpetology of tropical
Cann, J., McCorp, W.P.,anp JosepOuni, M. 2003. Emmott’s short- America. Proc. Amer. Philosoph. Soc. 11(1869)[1870]:147-169.
neck turtleEmydura macquarii emmagisp. nov. In: McCord, W.P., Corg E.D. 1876. On the Batrachia and Reptilia of Costa Rica with

Cann, J., and Joseph-Ouni, M. A taxonomic assessniemyafura notes on the herpetology and ichthyology of Nicaragua and Peru.
(Testudines: Chelidae) with descriptions of new subspecies from J. Acad. Nat. Sci. Philadelphia (2)8(4)1875[1876]:93-154.
Queensland, Australia. Reptilia (GB) (Barcelona) 27:60-61. Corg, E.D. 1887. Catalogue of Batrachia and Reptilia of Central

CaNTOR, T. 1842. General features of Chusan, with remarks on the America and Mexico. Bull. U.S. Nat. Mus. 32:1-98.
flora and fauna of that island. Ann. Mag. Nat. Hist. (1)9:265-CornALia, E. 1849. Vertebratorum Synopsis in Museo Mediolanense
278,361-370,481-493. Extantium. Modoetia: Corbetta, 16 pp.

Carr, A.F., & 1937. Anew turtle from Florida, with notesRseudemys  Cunta, O.RbA. 1970. Uma nova subespécie de queltimsternon
floridana mobiliensigHolbrook). Occasional Papers of the Museum  scorpioides carajasensida Serra dos Carajas, Para. Bol. Mus.
of Zoology of the University of Michigan 348:1-7. Paraense Emilio Goeldi (73):1-11.

Carr, A.F., & 1938aPseudemys nelsora new turtle from Florida. Cuvier, G.L.C.F.D. 1825. Recherches sur les ossemens fossiles, ou
Occasional Papers of the Boston Society of Natural History 8:305-310. I'on rétablit les carateres de plusieurs animaux dont les révolutions

CaRrRr, A.F., k. 1938b. A new subspecies Béeudemys floridana du globe ont détruit les especies. 2nd ed. G. Dufour and E.
with notes on théoridana complex. Copeia 1938(3):105-109. D’'Ocagne, Libraires, Paris 5(2):1-547.

CaRrRr, AF., &k 1942. A newPseudemyd$rom Sonora, Mexico. Das, I. 2001 .Die Schildkréten des Indischen Subkontinents. Frank-
American Museum Novitates 1181:1-4. furt am Main: Chimaira, pp. 181.

CaRrR, A.F., k. anD MarcHanD, L.J. 1942. A new turtle from the Daupin, F.M. 1801. Histoire Naturelle, Generale et Particuliere, des
Chipola River, Florida. Proceedings of the New England Zoology Reptiles. Tome Second. Paris: Dufart, pp.432.

Club 20:95-100. Davip, P. 1994. Liste des reptiles actuels du monde. I. Chelonii.
CarRRETERQ ML.A., ZNARI, M., Harris, D.J.,anD Macg, J.C. 2005. Dumérilia 1:7-127.

Morphological divergence among populationge$tudo graeca  peL Barco, D.M., aND LARRIERA, A. 1993. Sobre la validez de las

from west-central Morocco. Animal Biology 55:259-279. subespecies d@achemys dorbignyisu distribucién geographica.

CreN, H.G., Liu, W.B.,AND ZHANG, X.J. 2005. Comparative analysis ~ Revista Asoc. Cienc. Nat. Litoral 22(2)[1991]:11-17.
of mitochondrial DNA 12S rRNA region betweéelodiscus Dk Sora, C.R. 1930. Theiebespiebf Testudo vandenburgtd new
sinensisandPelodiscus axenariand their molecular marker for name for the Mid-Albemarle Island Galapagos tortoise. Copeia
identification. J. Fisheries China 29:318-322. 1930(3):79-80.

Cren, H.G., Lu, W.B., Li, J.Z.,AND ZHANG, X.J. 2006. Comparative DeraniyacaLa, P.E.P. 1939. The Tetrapod Reptiles of Ceylon. Vol-
analysis of mitochondrial DNA cytb gene and their molecular ume 1. Testudinates and Crocodilians. London: Dulau Co., 412 pp.
identification markers in three species of soft-turtles. Shuishen®evaux, B. 2007. La tortue géante de Seychelles, une survivante:
Shengwu Xuebao 30:380-385. Dipsochelys elephantirfRumeéril et Bibron, 1835). Chelonii 5:1-120.

CHiARl, Y., THomas, M., Bebrong M., anp ViErTEs, D.R. 2005. Prelimi-  Diesmos A.C., Bruam, J.F., SuarT, B.L.,AnD Brown, R. 2005. The
nary data on genetic differentiation within the Madagascar spider phylogenetic position of the recently rediscovered Philippine
tortoise Pyxis arachnoideBell, 1827). Salamandra 41:35-43. forest turtle (Bataguridaeteosemyteytensis. Proceedings of the

CHkHikvabze, V.M. 1988. O sistematicheskom polozhenii  California Academy of Sciences 56:31-41.
sobremennykh sukhoputnykh cherepakh srednei Azii iDuc, H.D. 2000. [Turtles in Hoan Kiem Lake, new species for science.]
Kazakhstana. [Taxonomic status of modern land tortoise of Middle Khao co Hoc [Archaeology Magazine], Vietham 4:104-111.

Asia and Kazakhstan.] Acad. Sci. Georgian SSR 14(2):110-114uerpen, J.E. 1906. South African tortoises of the gdramopus

CHkHIkvADZE , V.M. anD Bakrapze, M.A. 1991. [On the systematic with description of a new species. Rec. Albany Mus. 1:405-411.
position of the Recent land turtle from the Araxes Valley.] TrudyDumeriL, A.H.A. 1852. Description des reptiles nouveaux ou
Thilissk. Gosudarstwen. Univ. Thilisi 305:59-63. imparfaitment connus de la collection du Museum d’Histoire

ChkHikvapzE, V.M. anD Bakrabze, M.A. 2002. Novyi podvid Naturelle et remarques sur la classification et les caracteres des
sukhoputnoi cherepakhi iz Dagestana. Trudy Inst. Zool. Akad. reptiles. Premiere Memoire. Ordre des cheloniens et premieres



190 Defining Turtle Diversitys Chelonian Research Monographs, No. 4 — 2007

familles de l'ordre des sauriens (crocodiliens et cameleoniensleLoman, C.R.,anD ParHam, J.F. 2002. A molecular phylogeny for

Arch. Mus. Hist. Nat. Paris 6:209-264. emydine turtles: taxonomic revision and the evolution of shell
DumeriL, A.H.A. 1856. Note sur les reptiles du Gabon. Revue kinesis. Molecular Phylogenetics and Evolution 22:388-398.
Magasin Zool. Pure Appliquée Paris (2)8:369-384. FeLbman, C.R. aND ParnaM, J.F. 2004. Molecular systematics of Old
DuwmeriL, A.M.C.anD Bigron, G. 1835. Erpétologie Générale ou Histoire  World stripe-necked turtles (Testudineguremys. Asiatic Her-
Naturelle des Reptiles. Tome Second. Paris: Roret, 680 pp. petological Research 10:28-37.
DumeRriL, A.M.C.AND Biron, G. 1851.Emys areolateCinosternon  FernAnDEz, M.S. 1988. Las Testudinidae (Reptilia: Chelonii)
leucostomum, Cinosternon cruentajuim: Duméril, A.M.C. and argentinas: osteologia, sistematica y distribucion geografica. Doc-

Duméril, A.H.A. Catalogue Methodique de la Collection des toral Thesis, Univ. Nac. de La Plata.

Reptiles (Museum d’Histoire Naturelle de Paris). Paris: Gide anéftzincer, L.J. 1826. Neue Classification der Reptilien, nach ihren

Baudry, 224 pp. Natuirlichen Verwandtschaften nebst einer Verwandtschafts-Tafel und
DumeriL, A.H.A. anp Bocourt, M.F. 1870. Observations sur les reptiles  einem Verzeichnisse der Reptilien-Sammlung des k.k. Zoologischen

etles batraciens de la Region Centrale de 'Amerique. In: Dumeril, A., Museum zu Wien. Wien: J.G. Hibner Verlagen., 66 pp.

M. Bocourt, and F. Mocquard. Mission Scientifique au Mexique etFTzINGeR, L.J. 1835. Entwurf einer systematischen Anordnung der

dans I'Amerique Centrale. Recherches zoologiques. Troisieme Partie. Schildkréten nach den Grundsétzen der natirlichen Methode.

Premiere Section. Etudes sur les reptiles, pp.1-32. Ann. Mus. Naturgesch. Wien 1:105-128.
Dunn, E.R. 1930. A neviseoemyddrom Costa Rica. Proc. New FirzSmons, V.F.M. 1932. Preliminary descriptions of new forms of South
Engl. Zool. Club 12:31-34. African Reptilia and Amphibia, from the Vernay-Lang Kalahari
Eichwalp, C.E. von. 1831. Zoologia specialis quam expositis  Expedition, 1930. Ann. Transvaal Mus. Pretoria 15:35-40.
animalibus. Pars posterior. Vilna: J. Zawadzki, 404 pp. FLoresViLLELA, O.A. 1993. Herpetofauna Mexicana: lista anotada
EncstroMm T.N., S1aFrer, H.B.,Anp McCorp, W.P. 2004. Multiple de las especies de anfibios y reptiles de Mexico, cambios

data sets, high homoplasy, and the phylogeny of softshell turtles taxonomicos recientes, y nuevas especies. Carnegie Mus. Nat.
(Testudines: Trionychidae). Systematic Biology 53:693-710. Hist. Spec. Publ. 17:1-73.

Ernst, C.H. 1978. A revision of the neotropical turtle ge@aiopsis ~ FoLkerTs, G.W. anp MounT, R.H. 1969. A new subspecies of the
(Testudines: Emydidae: Batagurinae). Herpetologica 34(2):113-134. turtle Graptemys nigrinod&agle. Copeia 1969(4):677-682.

ErnsT, C.H. 1984. Geographic variation inthe neotropical tdgéemys  Fong, J.J., BrHam, J.F.,AnD Fu, J. 2002. A reassessment of the
platycephalaJournal of Herpetology 17(4)(1983)[1984]:345-355. distribution of Cuora flavomarginataGray 1863 on mainland

ErnsT, C.H. 1988 Cuora mccordia new Chinese box turtle from China. Russian Journal of Herpetology 9:9-14.

Guangxi Province. Proc. Biol. Soc. Wash. 101:466-470. ForsskAL P. 1775. Descriptiones Animalium: Avium, Amphibiorum,
Ernst, C.H. 1990.Pseudemys gorzugCatalogue of American Piscium, Insectorum, Vermium; quae in Itinere Orientali Observavit.

Amphibians and Reptiles 461:1-2. Post mortem auctoris edidit Carsten Niebuhr. Hauniae
Ernst, C.H. AnD BarBOUR, R.W. 1989. Turtles of the World. [Copenhagen]: Mdlleri, 164 pp.

Washington, DC: Smithsonian Institution Press, 313 pp. FowLer, H.W. 1906. Some cold-blooded vertebrates of the Florida
ErnsT, C.H. anD LAEMMERZAHL, A. 2002. Geographic variationinthe  Keys. Proceedings of the Academy of Natural Sciences, Philadel-

Asian big-headed turtlPlatysternon megacephalu(Reptilia: phia 58:77-113.

Testudines: Platysternidae). Proceedings of the Biological SocietyraziER, J. 2006. A neotype for the Aldabra tortoBestudo gigantea

of Washington 115:18-24. Schweigger, 1812. Herpetological Review 37:275-280.

ErnsT, C.H.AND LovicH, J.E. 1990. A new speciedaifiora(Reptilia: FreiBErRg M.A. 1936. Una nueva tortuga del norte Argentino. Physis
Testudines: Emydidae) from the Ryukyu Islands. Proc. Biol. Soc. 12:169-171.

Wash. 103:26-34. Freigserg M.A. 1945. Una nueva especie de tortuga del genero
ErnsT, C.H.anD McCorp, W.P. 1987. Two new turtles from south-  PlatemysNagler. Physis 20:19-23.
east Asia. Proc. Biol. Soc. Wash. 100:624-628. Freeerg M.A. 1969. Una nueva subespecie Rigeudensy dorbignyi

Ernst, C.H., LaemmerzaHL, A.F.,anp Crequg T.R. 2006. A review (Dumeril et Bibron) (Reptilia, Chelonia, Emydidae). Physis 28:299-314.
of morphological and pattern variation in the painted turtle,FrReiserg M.A. 1973. Dos nuevas tortugas terrestres de Argentina.
Chrysemys pictan Missouri, USA, with an alternate hypothesis  Bol. Soc. Biol. Concepcion 46:81-93.
of the origin ofChrysemys picta marginatdlerpetological Bulle-  Fritz, U. 1989. Zur innerartlichen Variabilitat vémys orbicularis
tin 95:6-15. (Linnaeus, 1758). 1. Eine neue Unterart der Européischen

EscHscHoLTz J.F.von. 1829. Zoologischer Atlas, enthaltend  Sumpfschildkréte aus Kleinasidemys orbicularis luteofusca
Abbildungen und Beschreibungen neuer Thierarten, wahrend des subsp. nov. Salamandra 25(3/4):143-168.

Flottcapitains von Kotzebue zweiter Reise um die Welt, aufFritz, U. 1993. On the intraspecific variation Binys orbicularis
Russich-Kaiserlich Kreigsschupp Predpriaeté in den Jahren 1823- Linnaeus 1758. 3. Two new subspecies from the Iberian Penninsula
1826. Berlin: G. Reimer, Part |, pp.17+15. and North AfriceEmys orbicularidritzjuergenobstnew subspe-

Fan, T.H. 1931. Preliminary report of reptiles from Yaoshan, Kwangsi, cies andEmys orbicularis occidentalisew subspecies (Reptilia,
China. Bull. Dept. Biol. Coll. Sci. Sun Yatsen Univ. 11.1-154. Testudines, Emydidae). Zool. Abh. Mus. Tierk. Dresden 47(9-

Fang, P.W. 1934. Notes on some chelonians of China. Sinensia 17):131-155.
4(7):145-200. Fritz, U. 1994. Zur innerartlichen Variabilitat vémys orbicularis

Farkas, B.L. 1992. Wiederentdeckung eines ExemplarRatfietus (Linnaeus, 1758). 4. Variabilitdt und Zoogeographie im
swinhoei (Gray, 1873) im Naturhistorischen Museum Wien. pontokaspischen Gebiet mit Beschreibung von drei neuen
Salamandra 28(2):145-152. Unterarten (Reptilia: Testudines: Emydidae). Zool. Abh. Staatl.

Farkas, B. anp Wess, R.G. 2003Rafetus leloiHa Dinh Duc, 2000 Mus. Tierk. Dresden 48(4):53-93.

- an invalid species of softshell turtle from Hoan Kiem Lake,Frirz, U. 1995. Zur innerartlichen Variabilitt vémys orbicularis
Hanoi, Vietham (Reptilia, Testudines, Trionychidae). Zoologische (Linnaeus, 1758). 5a. Taxonomie in Mittel-Westeuropa, auf Korsika,
Abhandlungen (Dresden) 53:107-112. Sardinien, der Apenninen-Halbinsel und Sizilien und



TurTLE TAaxonoMy WoRkKING GrRourp— Annotated List of Turtle Taxa 191

Unterartengrupppen VvoRE. orbicularis (Reptilia: Testudines: galbinifrons with notes on shell osteology and phalangeal formu-

Emydidae). Zool. Abh. Staatl. Mus. Tierk. Dresden 48(13):185-242. lae within the Geoemydidae. Amphibia-Reptilia 27:195-205.
FriTz, U. 1998. Introduction to zoogeography and subspecifidcritz, U., Hunbsporrer A.K., Sroky, P., AUER, M., Kami, H.,

differentiation inEmys orbicularigLinnaeus, 1758). In: Fritz, LenmANN, J., Mazanaeva, L.F., TUrRkozaN, O.,anD Wink, M. 2007.

U., Joger, U., Podloucky, R., and Servan, J. (Eds.). ProceedingsPhenotypic plasticity leads to incongruence between morphology-

of the EMYS Symposium Dresden 96. Mertensiella 10:1-27.  based taxonomy and genetic differentiation in western Palearctic
FriTz, U. AnD Bininba-Emonbps, O.R.P. 2007. When genes meet tortoises Testudo graeca@omplex; Testudines, Testudinidae).

nomenclature: tortoise phylogeny and the shifting generic con- Amphibia-Reptilia 28:97-121.

cepts ofTestudcandGeocheloneZoology 110:298-307. GarrNEY, E.S. AnD MEYLAN, P.A. 1988. A phylogeny of turtles. In:
Fritz, U.,anD Havas, P. 2006. Checklist of Chelonians of the World, Benton, M.J. (Ed.). The Phylogeny and Classification of the

at the request of the CITES Nomenclature Committee and the Tetrapods, Vol. 1, Amphibians, Reptiles, Birds. Oxford: Clarendon

German Agency for Nature Conservation. Dresden: German Fed- Press, pp. 157-219.

eral Ministry of Environment, Nature Conservation and NuclearGarman, S. 1880. On certain species of Chelonioidae. Bulletin of the

Safety and Museum of Zoology, 230 pp. Museum of Comparative Zoology 6:123-126.
Fritz, U.,aND Havas, P. 2007. Checklist of Chelonians of the World. Garvan, S. 1891. Onatortoise foundin Florida and C8beysternum
Vertebrate Zoology 57(2):149-368. Baurii. Bull. Essex Inst. 23:141-144.

Fritz, U. anp Ogst, F.J. 1996. Zur Kenntnis der Celebes- Garman, S.1917. The Galapagos tortoises. Mem. Mus. Comp. Zool.
ErdschildkroteHeosemyguwono(McCord, Iverson and Boeadi, 30(4):261-296.

1995). Herpetofauna 18(102):27-34. GasPeERETT} J., SimsoN, A.F., MLLER, J.D., Rss J.P.anD GASPERETT]

Frirz, U. anD PauLer, I. 1992.Phrynops chacoensispec. nov. P.R. 1993. Turtles of Arabi&auna of Saudi Arabia 13:170-367.
(Reptilia, Chelidae), eine neue Krétenkopfschildkrote. Mitt. Zool. GeorFroySainT-HiLaRE, E.F. 1809. Mémoire sur les tortues molles,
Mus. Berl. 68(2):299-307. nouveau genre sous le nomTonyx et sur la formation des

Fritz, U. AND PauLER, |. 1999 .Phrynops chacoensigitz & Pauler, carapaces. Annal. Mus. Hist. Nat. Paris 14:1-20.

1992, ein Juniorsynonym vdPlatemys macrocephaRhodin, GeorcEs A., aND Abams, M. 1996. Electrophoretic delineation of
Mittermeier & McMorris, 1984. Salamandra 35(1):53-56. species boundaries within the short-necked chelid turtles of Aus-

Fritz, U., KeLLER, C.,anD Buppg, M. 1996. Eine neue Unterart der  tralia. Zoological Journal of the Linnean Society 118:241-260.
Europdischen Sumpfschildkrote aus SiidwestspaBimgs or-  Georces A., AND THomson, S. 2006. Evolution and zoogeography of

bicularis hispanicasubsp. nov. Salamandra 32(3):129-152. Australian freshwater turtles. In: Merrick, J.R., Archer, M., Hickey,
Fritz, U., GauLke, M., ano LeHr, E. 1997. Revision der G.M., and Lee, M.S.Y. (Eds.). Evolution and Biogeography of
suidostasiatischen Dornschildkroten-Gati@gpglemy®ell, 1834, Australasian Vertebrates. Sydney: Australian Scientific Publish-

mit Beschreibung einer neuen Art. Salamandra 33(3):183-212. ing, pp. 291-308.

Fritz, U., ANDREAS, B.,AND LEHR, E. 1998a. Eine neue Unterart der Georces A., BIRRELL, J., SunT, K., McCorp, W.P. AND DONNELLAN,
Dreikiel-ScharnierschildkréteRyxidea mouhotii(Gray, 1862) S.1998. A phylogeny for side-necked turtles (Chelonia: Pleurodira)
(Reptilia: Testudines: Bataguridae). Zoologische Abhandlungen, based on mitochondrial and nuclear gene sequence variation.

Staatliches Museum fiir Tierkunde Dresden 50(3):33-43. Biological Journal of the Linnean Society 67:213-246.
Fritz, U., Baran, I., Bubak, A.,AND AMTHAUER, E. 1998b. Some notes Georces A., Abams, M., ano McCorbp, W. 2002. Electrophoretic
on the morphology dEmys orbicularisn Anatolia, especially on delineation of species boundaries within the geBhslodina

E. o. luteofuscandE. o. colchicawith the description of a new (Testudines: Chelidae) of Australia, New Guinea and Indonesia.
subspecies from southeastern Turkey. In: Fritz, U., Joger, U., Zoological Journal of the Linnean Society 134:401-421.
Podloucky, R., and Servan, J. (Eds.). Proceedings of the EMYGeorcEs A., GuARINO, F.,anD Biro, B. 2006. Freshwater turtles of the
Symposium Dresden 96. Mertensiella 10:103-122. TransFly region of Papua New Guinea — notes on diversity, distribu-
Fritz, U., Fatmizzo, T., Guicking, D., TriPePy S., BnNist, M.G., LENK, tion, reproduction, harvest and trade. Wildlife Research 33:373-384.
P., dcer U.,anp Wink, M. 2005a. A new cryptic species of pond GerracH, J. 2001. Tortoise phylogeny and t@&ochelone’prob-
turtle from southern Italy, the hottest spot in the range of the genus lem. Phelsuma 9a:1-24.
Emys (Reptilia, Testudines, Emydidae). Zoologica Scripta GeriacH, J. 2004. Giant Tortoises of the Indian Ocean. The genus
34(4):351-371. Dipsochelyénhabiting the Seychelles Islands and the extinct giants of
Fritz, U., Sroky, P., Kami, H.,ano Wink, M. 2005b. Environmen- Madagascar and the Mascarenes. Frankfurt: Chimaira, 208 pp.
tally caused dwarfism or a valid speciesFé&studo weissingeri  GerLacH, J.,AND Bour, R. 2003. Morphology of hatchling giant
Bour, 1996 a distinct evolutionary lineage? New evidence from tortoises. Radiata 12:11-12.
mitochondrial and nuclear genomic markers. MolecularGertach, J.,anp Canning, L. 1998. Taxonomy of Indian Ocean Giant
Phylogenetics and Evolution 37:389-401. tortoises Dipsochelys Chelonian Conservation and Biology 3:3-19.
Fritz, U., BaraTA, M., Busack, S.D., RRitzscH, G.,aND CasTiLLO, R. GERLACH, J., AND CanniNG, L. 2001. Range contractions in the
2006a. Impact of mountain chains, sea straits and peripheral critically endangered Seychelles terrapiRel@siosspp.). Oryx
populations on genetic and taxonomic structure of a freshwater 35:313-321.
turtle, Mauremys leprosgReptilia, Testudines, Geoemydidae). GiLmore, C.W. 1922. A new fossil turtléinosternon arizonense

Zoologica Scripta 35:97-108. from Arizona. Proc. U.S. Nat. Mus. 62:1-8.
Fritz, U., Auer, M., BertoLERg A., CHEYLAN, M., FatTizzo, T., Guass, B.P.anD HarTweG, N. 1951 Kinosternon murrayia new musk
Hunpbsporrer A K., Sampayo, M.M., Pretus J.L., SrRoky, P. AND turtle of thehirtipesgroup from Texas. Copeia 1951(1):50-52.

Wink, M. 2006b. A rangewide phylogeography of Hermann’sGmeLiN, S.G. 1774. Reise durch Russland zur Untersuchung der drey
tortoise, Testudo hermanr{Reptilia: Testudines: Testudinidae):  Natur-Reiche Gedruckt bey der Kayserliche Academie der
implications for taxonomy. Zoologica Scripta 35:531-543. Wissenschaften. Vol. 3. St. Pétersbourg, 4 Vols.

Fritz, U., FETZoLD, A., AND AUER, M. 2006c. Osteology in th@uora GMmELIN, J.F. 1789. Caroli a Linné, Systema Naturae per regna tria
galbinifronscomplex suggests conspecifity@fbourretiandC. naturae secundum classes, ordines, genera, species, cum



192 Defining Turtle Diversitys Chelonian Research Monographs, No. 4 — 2007

characteribus, differentiis, synonymis, locis. Ed. 13. Tom. |. Par&ray, J.E. 1860b. On some new species of Mammalia and tortoises
Ill. Leipzig: G.E. Beer, Ed. 13, 1(3):1033-1516. from Cambojia. Ann. Mag. Nat. Hist. London (3)6:217-218.

GMIRA, S. 1993. Une nouvelle espéce de tortue Testudifiesiudo  Gray, J.E. 1861. On a new species of water-tortdgstlemmys
kenitrensis. sp.) de l'inter Amirien-Tensiftien de Kénitra (Maroc).  melanosternpfrom Darien. Proceedings of the Zoological Soci-
Comptes Rendus de 'Académie des Sciences Série Il 316:701-707.ety of London 1861:204-205.

GmIra, S. 1995. Etude des Chéloniens Fossiles du Maroc. Pari€ray, J.E. 1862. Notice of a new specie€gtlemydrom the Lao
Cahier de Paléontologie, 140 pp. Mountains, in Siam. Ann. Mag. Nat. Hist. (3)10:157.

GRrANDIDIER, A. 1867. Liste des reptiles nouveaux decouverts, erGray, J.E. 1863a. On the speciegGifelymydrom Australia; with
1866, sur la cote sud-ouest de Madagascar. Rev. Mag. Zool. (Paris)the description of a new species. Ann. Mag. Nat. Hist. (3)12:98-99.
(2):19:223-234. Gray, J.E. 1863b. Notice of a new specieBeibmedusérom Natal.

GraNDIDIER, A. 1868. Sur les découvertes zoologiques faites Ann. Mag. Nat. Hist. (3)12:99-100.
récemment a Madagascar. Ann. Sc. Nat. Zool. Paris 10:375-378rav, J.E. 1863c. Notice of a new speciesKaifixys and other

Gray, J.E. 1830. A synopsis of the species of the Class Reptilia. In: tortoises from central Africa. Ann. Mag. Nat. Hist. (3)12:381-382.
Griffith, E. and Pidgeon, E. (Eds.). A Classified Index and SynopGray, J.E. 1863d. Observations on the box tortoises, with the
sis of the Animal Kingdom Arranged in Conformity with its  descriptions of three new Asiatic species. Proceedings of the
Organization, by the Baron Cuvier, with Supplementary Additions Zoological Society of London 1863:173-178.
to each Order. Vol. 9. London: Whittaker, Suppl: 110 pp. Gray, J.E. 1863e. Notice of a new specie8afagurfrom north-

Gray, J.E. 1831a. lllustrations of Indian Zoology, chiefly selected western India. Proceedings of the Zoological Society of London
from the collection of Major-General Hardwicke. VVol. |. London:  1863:253.

Treuttel, Wurtz, Treuttel, Jun. and Richter, pls.100. Gray, J.E. 1864a. Revision of the species of Trionychidae found in
Gray, J.E. 1831b. Synopsis Reptilium; or Short Descriptions of the Asia and Africa, with the descriptions of some new species.
Species of Reptiles. Part |. — Cataphracta. Tortoises, Crocodiles, Proceedings of the Zoological Society of London. 1864:76-98.

and Enaliosaurians. London: Treuttel, Wurz, and Co., 85 pp.  Gray, J.E. 1864b. Description of a new specieStaiurotypuss.

Gray, J.E. 1831c. A specimen of a tortoise regarded as the type of asalvinii) from Guatemala. Proceedings of the Zoological Society
new genus in the family Emydidae. Proceedings of the Zoological of London. 1864:127-128.

Society of London 1831(1):106-107. Gray, J.E. 1867. Description of a new Australian tortoElsdya

Gray, J.E. 1832. lllustrations of Indian Zoology, chiefly selected latisternun). Ann. Mag. Nat. Hist. 20:43-45.
from the collection of Major-General Hardwicke. Vol. Il. London: Gray,J.E.1869. Notesonthe familiesand generaoftortoises (Testudinata),
Adolphus Richter and Co., pls. 102. and on the characters afforded by the study of their skulls. Proceedings

Gray, J.E. 1834. Characters of several new species of freshwater of the Zoological Society of London 1869:165-225.
tortoises Emyg from India and China. Proceedings of the Zoo- Gray, J.E. 1870a. Notice of anew Chilian tortoiBegtudo chilensjs
logical Society of London 1834:53-54. Ann. Mag. Nat. Hist. (4)6:190-191.

Gray, J.E. 1841. A catalogue of the species of reptiles and amphibiaray, J.E. 1870b. Supplement to the Catalogue of Shield Reptiles in
hitherto described as inhabiting Australia, with a description of the Collection of the British Museum. Part I. Testudinata (Tor-
some new species from Western Australia, and some remarks ontoises). London: British Museum, 120 pp.
their geographical distribution. In: Grey, G. Journals of TwoGray, J.E. 1871. Notes on Australian freshwater tortoises. [2] Ann.
Expeditions of Discovery in Northwest and Western Australia. Mag. Nat. Hist. London (4)8:366.

London: T. and W. Boone, Vol. 2. Appendix E, pp. 422-449.  Gray, J.E. 1872. Notes on the mud-tortoises of Indidoqyx,

Gray, J.E. 1842. Description of some hitherto unrecorded species of Geoffroy). Ann. Mag. Nat. Hist. London (4)10:326-340.
Australian reptiles and batrachians. Zoological Miscellany (2):51-57Gray, J.E. 1873a. On a new freshwater tortoise from Boditi&

Gray, J.E. 1844. Catalogue of the Tortoises, Crocodiles, and borneensis Ann. Mag. Nat. Hist. London (4)11:156-157.
Amphisbaenians in the Collection of the British Museum. Lon-Gray, J.E. 1873b. Notes on Chinese mud-tortoises (Trionychidae),
don: Edward Newman, 80 pp. with the description of a new species sent to the British Museum

Grav, J.E. 1847. Description of a new genus of Emydae. Proceedings by Mr. Swinhoe, and observations on the male organ of this family.
of the Zoological Society of London (1847)15:55-56. Ann. Mag. Nat. Hist. London (4)12:156-161.

Grav, J.E. 1849. Description ofanew species of box tortoise from Mexicdsray, J.E. 1873c. Hand-List of the Specimens of Shield Reptiles in
Proceedings of the Zoological Society of London 17:16-17. the British Museum. London: British Museum, 124 pp.

Gray, J.E. 1856a. On some new species of freshwater tortoises froBuicking, D., Fritz, U., Wink, M., AND LEHR, E. 2002. New data on
North America, Ceylon and Australia, in the collection of the the diversity of the Southeast Asian leaf turtle gebyslemys
British Museum. Proceedings of the Zoological Society of London Bell, 1834. Molecular results (Reptilia: Testudines: Geoemydidae).
1855[1856](23):197-202. Faunistische Abhandlungen Staatliches Museum fir Tierkunde

Gray, J.E. 1856b. Catalogue of Shield Reptiles in the Collection of Dresden 23:75-86.
the British Museum. Part |. Testudinata (Tortoises). LondonGUNTHER, A.C.L.G. 1864. The Reptiles of British India. London: Ray
British Museum, 79 pp. Society, Robert Hardwicke, 452 pp.

Gray, J.E. 1857. Description of a new specie€bélodinafrom GUNTHER, A.C.L.G. 1873. Preliminary notice of some extinct tor-
Australia. Proceedings of the Zoological Society of London toisesfromthe islands of Rodriguez and Mauritius. Ann. Mag. Nat.
1856[1857]:369-371. Hist. (4)11:397.

Gray, J.E. 1859. Description of a new species of freshwater tortoisGuntHer, A.C.L.G. 1875. Descriptions of the living and extinct races
from Siam. Proceedings of the Zoological Society of London of gigantic land-tortoises. Parts | and Il. Introduction, and the
1859(27):478-479. tortoises of the Galapagos Islands. Philos. Transact. Roy. Soc.

Gray, J.E. 1860a. Description of a new specigsafclemmygom London 165:251-284.

Ecuador. Proceedings of the Zoological Society of LondonGunTHER, A.C.L.G. 1877. The Gigantic Land-Tortoises (Living and
1860:231-232. Extinct) in the Collection of the British Museum. London: Taylor



TurTLE TAaxonoMy WoRkKING GrRourp— Annotated List of Turtle Taxa 193

and Francis, 96 pp. Zoologische Mededelingen, Leiden 58:241-259.

GUNTHER, A.C.L.G. 1882. Description of a new species of tortoiseHsu, H.-F. 1930. Preliminary note on a new varietyGyfclemys
(Geoemyda impress&rom Siam. Proceedings of the Zoological ~ flavomarginatafrom China. Contr. Biol. Lab. Sci. Soc. China
Society of London 1882:343-346. Zool. Ser. 6(1):1-7.

GUNTHER, A.C.L.G. 1885. Biologia Centrali-Americana. Reptiliaand Iverson J.B. 1979. A taxonomic reappraisal of the yellow mud
Batrachia. In: Salvin, O. and F.D. Godman (Eds.). Biologica turtle, Kinosternon flavesceng§Testudines: Kinosternidae).
Centrali-Americana. London, 326 pp. Copeia 1979:212-225.

Guo, C.-W., NEg, L.-W.,anp WanG, M. 1997. The karyotypes and Iverson J.B. 1981. Biosystematics of thé&nosternon hirtipes
NORs of two species @hinemysin: Zhao, E. (Ed.). Chinese species group (Testudines: Kinosternidae). Tulane Stud. Zool.
Chelonian Research. Chinese Society for the Study of Amphib- Bot. 23:1-74.
ians and Reptiles, Herpetological Series No. 9, Sichuan Journhlerson J.B. 1986. A Checklist with Distribution Maps of the Turtles

of Zoology 15 (Suppl.):97-104. of the World. Richmond, IN: Privately Printed, 283 pp.

Harris, D.J., Aari, M., Macg, J.C.,anp CARRETERG ML.A. 2003. Iverson J.B. 1991. Phylogenetic hypotheses for the evolution of
Genetic variation inTestudo graecdrom Morocco estimated modern kinosternine turtles. Herpetological Monographs 4:1-27.
using 12S rRNA DNA sequencing. Revista Espafiola ddverson J.B. 1998. Molecules, morphology, and mud turtle
Herpetologia 16:5-9. phylogenetics (family Kinosternidae). Chelonian Conservation

HarTwEG, N. 1934. Description of a new kinosternid from Yucatan. and Biology 3(1):113-117.
Occasional Papers of the Museum of Zoology, University ofiverson J.B. 1992. A revised checklist with distribution maps of the

Michigan 277:1-2. turtles of the world. Richmond, IN: Privately published, 374 pp.
HarTwEG, N. 1939. A new AmericaBseudemy®ccasional Papers Iverson J.B.ano McCorp, W.P. 1992a. A new Chinese eyed turtle

of the Museum of Zoology, University of Michigan 397:1-4. of the genu$acalia(Batagurinae: Testudines). Proc. Biol. Soc.
Hay, W.P. 1904. A revision ofalaclemmysa genus of turtles. Washington 105(3):426-432.

Bulletin of the U.S. Bureau of Fisheries 24:1-19. Iverson J.B.anp McCorp, W.P. 1992b. A new subspecie€miora

Havnes, D. ano McKown, R.R. 1974. A new species of map turtle  galbinifrons(Testudines: Batagurinae) from Hainan Island, China.
(GenusGraptemy¥from the Guadalupe River system in Texas. Proc. Biol. Soc. Washington 105(3):433-439.

Tulane Studies in Zoology and Botany 18(4):143-152. Iverson J.B.anb McCorp, W.P. 1994. Variation in east Asian turtles
HEg, J., 4oy, T., Reo, D.-Q.,AND ZHANG, Y.-P. 2007. [Studies on the of the genudMauremys(Bataguridae; Testudines). Journal of
molecular identification and phylogeny Gfiora yunnanensis Herpetology 28(2):178-187.
Chinese Science Bulletin 52(17):2085-2088. Iverson J.B.anp McCorp, W.P. 1997. A new species@fclemys
Henberson J.R. 1912. Preliminary note on a new tortoise from South (Testudines: Bataguridae) from southeast Asia. Proc. Biol. Soc.
India. Rec. Indian Mus. Calcutta 7(21):217-218. Washington 110(4):629-639.
Hewrr, J. 1927. Further descriptions of reptiles and batrachians fronverson J.B, Eenst, C.H., GoTTE, S.,AND LovicH, J.E. 1989. The
South Africa. Rec. Albany Mus. 3:371-415. validity of Chinemys megalocephal@estudines: Batagurinae).
HewtT, J. 1931. Descriptions of some African tortoises. Ann. Natal Copeia 1989:494-498.
Mus. 6:461-506. Iverson, J.B., KMERLING, J., KEsTER A.R., HucHEs L.E., AND
HewrrT, J. 1935. Some new forms of batrachians and reptiles from NicoLetLo, J. 200l1a. Turtles of the World. [http://
South Africa. Rec. Albany Mus. 4:283-357. emys.geo.orst.edu].

HicHriELD, A.C. 1990. Tortoises of north Africa; taxonomy, Iverson J.B., THomson, S.A.,anD Georces A. 2001b. Validity of
nomenclatue, phylogeny and evolution with notes on field studies taxonomic changes for turtles proposed by Wells and Wellington.
in Tunisia. J. Chelonian Herpetology 1(2):1-56. Journal of Herpetology 35:361-368.
HoLerook, J.E. 1836. North American Herpetology; or, a Descrip-lverson, J.B., $INks, P.Q., SIAFFER, H.B., McCorbp, W.P.,AND
tion of the Reptiles Inhabiting the United States. Ed. 1, Vol. 1. Das, |. 2001c. Phylogenetic relationships among the Asian
Philadelphia: J. Dobson, 120 pp. tortoises of the genuihdotestudo(Reptilia: Testudines:
HoLerook, J.E. 1838. North American Herpetology; or, a Descrip- Testudinidae). Hamadryad 26(2):272-275.
tion of the Reptiles Inhabiting the United States. Ed. 1, Vols. 2-3lverson J.B., Brown, R.M., AkRrE, T.S., Near, T.J., LE, M., THOMSON,
Philadelphia: J. Dobson, 125 pp., 122 pp. R.C.,anDp Srarkey, D.E. 2007. In search of the tree of life for
Howwman, J.Aanp Fritz, U. 2001. Anew emydine species fromthe Middle  turtles. Chelonian Research Monographs 4:85-106.
Miocene (Barstovian) of Nebraska, USA with a new generic arrangelackson, D.R. 1995. Systematics of tlRseudemys concinna-

ment for the species Glemmysensu McDowell (1964) (Reptilia: floridanacomplex (Testudines: Emydidae): an alternative inter-

Testudines: Emydidae). Zoologische Abhandlungen Staatliches Mu- pretation. Chelonian Conservation and Biology 1(4):329-333.

seum fir Tierkunde Dresden 51:331-354. Jeroon, T.C. 1870. Notes on Indian herpetology. Proc. Asiatic Soc.
Honpa, M., Yasukawa, Y., Hravava, R., anp Ora, H. 2002a. Bengal 1870(3):66-85.

Phylogenetic relationships of the Asian box turtles of the genugsu, R., Romeo, R., Swvibio, S., Lavacni, L., ORTALE, S., AND

Cuorasensu lato (Reptilia: Bataguridae) inferred from mitochon-  Genta, P. 2004. Un nuovo taxon di testuggine palustre endemico

drial DNA sequences. Zoological Science 19:1305-1312. della Liguria occidental&mys orbicularis ingauna. ssp. (Rep-
Honba, M., Yasukawa, Y., ano Ora, H. 2002b. Phylogeny of tilia, Emydidae). Annali del Museo Civico di Storia Naturale “G.

Eurasian freshwater turtles of the getasuremysGray 1869 Doria” 96:133-192.

(Testudines), with special reference to a close affinfMenfremys  Jovcg, W.G., RrHAM, J.F.,AND GAUTHER, J.A. 2004. Developing a

japonicawith Chinemys reevesilournal of Zoological Systemat- protocol for the conversion of rank-based taxon names to phyloge-

ics and Evolutionary Research 40:195-200. netically defined clade names, as exemplified by turtles. Journal of
Hooemoep, M.S.anp CrumLy, C.R. 1984. Land tortoise typesinthe  Paleontology’8:989-1013.

Rijksmuseum van Natuurlijke Historie with comments on nomen-Kart, S.A. Anp Bowen, B.W. 1999. Evolutionary significant units versus

clature and systematics (Reptilia: Testudines: Testudinidae). geopolitical taxonomy: molecular systematics of an endangered sea



194 Defining Turtle Diversitys Chelonian Research Monographs, No. 4 — 2007

turtle (genuhelonig. Conservation Biology 13: 990-999. History and Ecology of the Slider Turtle. Washington DC:
KHosaTzky, L.K., AND MLYNARSKI, M. 1966.Agrionemysnouveau Smithsonian Institution Press, pp.82-105.

genre de tortue terrestres (Testudinidae). Bulletin Academi&ecLer, J.M.anD Cann, J. 1980. A new genus and species of chelid

Polonaise Sciences 14:123-125. turtle from Queensland, Australia. Contr. Sci. Nat. Hist. Mus. Los

KRrerrT, G. 1876. Notes on Australian animals in New Guinea with Angeles Co. 324:1-18.
description of a new species of fresh water tortoise belonging to tHeecLer, J.M.anp Wess, R.G. 1970. A new slider turtl®$eudemys
genusEuchelymygGray). Ann. Mus. Civ. Stor. Nat. Giacomo  scripta) from Sonora, Mexico. Herpetologica 26(2):157-168.

Doria (1)8:390-394. LEHR, E., FriTz, U.,aND OBsT, F.J. 1998Cuora galbinifrons picturata
KRenz, J.G., MyLoR, G.J.P., 8aFrer, H.B.,anD Janzen, F.J. 2005. subsp. nov., eine neue Unterart der Hinterinischen

Molecular phylogenetics and evolution of turtles. Molecular Scharnierschildkréte. Herpetofauna 20(113):5-11.

Phylogenetics and Evolution 37:178-191. Lenk, P., Ritz, U., bcer U., ano Wink, M. 1999. Mitochondrial
KucHLING, G., Riopin, A.G.J., BARRONDO, B.R.,AND TRAINOR, C.R. phylogeography of the European pond turleys orbicularis

2007. Anew subspecies of the snakeneck Ditdodinanccordi (Linnaeus 1758). Molecular Ecology 8:1911-1922.

from Timor-Leste (East Timor) (Testudines: Chelidae). CheloniarLesson R.-P. 1830. Centurie zoologique. Paris: F.G. Levrault, 235 pp.

Conservation and Biology 6(2)30-000 LeSueur, C.A. 1817. An account of an American species of tortoise,

KuHL, H. 1820. Beitrédge zur Kenntniss der Amphibien. In: Kuhl, H.  not noticed in the systems. Journal of the Academy of Natural
Beitrdge zur Zoologie und vergleichenden Anatomie. Erste Sciences, Philadelphia 1:86-88.
Abtheilung. Beitrdge zur Zoologie. Frankfurt: HermannschenLeSueur, C.A. 1827. Note sur deux espéces de tortues, du genre

Buchhandlung, pp. 75-132. Trionyx de M. Geoffroy-Saint-Hilaire. Mem. Mus. Hist. Nat.
LappARENTDE BrOIN, F.DE. 2000a. Les chéloniens de Sansan. Mémoires 15:257-268.
du Muséum national d’Histoire Naturelle 183:219-261. L1, Z.Y.1958. Report onthe investigation of reptiles of Hainan Island.

LappareNT DE Broin, F. bE. 2000b. African chelonians from the  Chinese Journal of Zoology 2(4):234-239.
Jurassic to the present. A preliminary catalog of the African fossiLinoHom, W.A. 1906. Beschreibung einer neuen Schildkrotenart aus
chelonians. Palaeontologica Africana 36:43-82. Deutsch-Sudwestafrikanebst Bemerkungen uber die Gattung Homopus
LapparenTDE Broin, F.DE, Bour, R., RrHAM, J.F.,AND PERALA, J. D. et B. Jahrb. Nassau. Ver. Naturk, Wiesbaden 59:345-351.
2006.Eurotestudpa new genus for the speciesstudo hermanni  Linnagus, C. 1758. Systema Naturae, per Regnha Tria Naturae,
Gmelin, 1789 (Chelonii, Testudinidae). Comptes Rendus Paleovol secundum Classes, Ordines, Genera, Species, cum Characteribus,

5:803-811. Differentiis, Synonymis, Locis. Tomus . Editio Decima, Reformata.
LATasTE, F. 1886. Description d’une tortue nouvelle du Haut-Sénégal [10th Ed.] Holmiae [Stockholm]: Laurentii Salvii, 824 pp.
(Homopus nogueyilLe Naturaliste (2)8:286-287. Linnaeus, C. 1766. Systema Naturae. Editio Duodecima, Reformata.

LaTreiLLe, P.A. 1801. Histoire Naturelle des Reptiles. In: Sonnini, Tomus |, Pars I, Regnum Animale. [12th Ed.]. Holmiae
C.S. and Latreille, P.A. Histoire Naturelle des Reptiles, avec [Stockholm]: Laurentii Salvii, 532 pp.
figures dessinées d’apres nature. Tome Premier. Premiéere ParfimrTeT, L. 1883. Poissons et reptiles du lac de Tibériade et de
Quadrupédes et Bipédes Ovipares. Paris: Deterville, pp. 280.  quelques autres parties de Syrie. Archives du Muséum d'Histoire

LaurenT, R.F. 1956. Contribution a I'herpétologie de la région des Naturelle de Lyon 3:99-194.
grands lacs de I'Afrique centrale. |. Généralites. IIl. Chéloniens. IlILoveribcg, A. 1935. Scientific results of an expedition to rain forest
Ophidiens. Annales du Musée Royal du Congo Belge Tervuren, regionsin eastern Africa. |. New reptiles and amphibians from East
Sciences Zoologiques 48:5-390. Africa. Bull. Mus. Comp. Zool. 79:1-19.

LaurenT, R.F. 1965. A contribution to the knowledge of the genusLoveribcg, A. anp Wittiams, E.E. 1957. Revision of the African
PelusiofWagler). Annales du Musée Royal de I'Afrique Centrale, tortoises and turtles of the suborder Cryptodira. Bulletin of the
Sciences Zoologiques, Tervuren 135:1-33. Museum of Comparative Zoology 115(6):163-557.

Le, M., RaxworTHy, C.J., MCorp, W.P.,aAND MERTZ, L. 2006. A LovicH, J.E.anp McCoy, C.J. 1992. Review of tt@raptemys pulchra
molecular phylogeny of tortoises (Testudines: Testudinidae) based group (Reptilia: Testudines: Emydidae), with descriptions of two new
on mitochondrial and nuclear genes. Molecular Phylogenetics and species. Annals of the Carnegie Museum 61(4):293-315.

Evolution 40:517-531. LueberwaLpT, H. 1926. Os chelonios brasileiros. Rev. Mus. Paulista

LE, M., McCorb, W.P..anD IVERsoN J.B. 2007. On the paraphyly of 14:403-470.
the genusKachuga (Testudines: Geoemydidae). Molecular Luo, B. anp Zong, Y. 1988. A new species @uora - Cuora
Phylogenetics and Evolution 45:398-404. aurocapitata Acta Herpetologica Sinica 3:13-15.

Le Conteg, J. 1830. Description of the species of North AmericanMcCorb, W.P. 1997Mauremys pritchardia new batagurid turtle
tortoises. Annals of the Lyceum of Natural History, New York from Myanmar and Yunnan, China. Chelonian Conservation and

3:91-131. Biology 2(4):555-562.
Le Conrtg, J. 1854. Description of four new specie&imfosternum McCorb, W.P.anD IvErson J.B. 1991. A new box turtle of the genus

Proc. Acad. Nat. Sci. Phila. 7:180-190. Cuora(Testudines: Emydidae) with taxonomic notes and a key to
LecLER, J.M. 1959. A new tortoise, gen@pherus from north- the species. Herpetologica 47(4):407-420.

central Mexico. U. Kansas Publ. 11(5):335-343. McCorp, W.P.aND IvErRsON J.B. 1992. A new species Oftadia
LecLER J.M. 1960. A new subspecies of slider turBsgudemys (Testudines: Bataguridae) from Hainan Island, China. Proc. Biol.

scripta) from Coahuila, Mexico. University of Kansas Publica- Soc. Washington 105(1):13-18.

tions of the Museum of Natural History 13(3):73-84. McCorp, W.P.aND IvErsoN J.B. 1994. A new species Oftadia
LecLER, J.M. 1965. A new species of turtle, geKirsosternonfrom (Testudines: Batagurinae) from southwestern China. Proc. Biol.

Central America. Univ. Kans. Mus. Natur. Hist. Misc. Publ. ~ Soc. Wash. 107(1):52-59.

15(13):617-625. McCorp, W.P.anD JoserHOuni, M. 2007. A new speciesGhelodina
LecLer, J.M. 1990. The genuBseudemy$n Mesoamerica: tax- (Testudines: Chelidae) from southwestern New Guinea (Papua,

onomy, distribution and origins. In: Gibbons, J.W. (Ed.). Life Indonesia). Reptilia (GB) 52:47-52.



TurTLE TAaxonoMy WoRkKING GrRourp— Annotated List of Turtle Taxa 195

McCorb, W.P.aND PHILIPPEN, H.-D. 1998. A new subspecies of box  Zool. U. Michigan 548.1-7.
turtle, Cuora amboinensis lineatdrom northern Myanmar MuLLeEr, L. 1935. Uber eine neueodocnemigirt (Podocnemis
(Burma), with remarks on the distribution and geographic varia- vogli) aus Venezuela nebst ergdnzenden Bemerkungen uber die
tion of the species. Reptile Hobbyist 1998(March):51-58. systematischen Merkmale der ihr ndchstverwandten Arten. Zool.
McCorp, W.P. anp PritcHArRD, P.C.H. 2003. A review of the Anz. 110(5/6):97-109.
softshell turtles of the gen@hitra, with the description of new  NikoLsky, A.M. 1896. Diagnosis Reptilium et Amphibiorum novorum
taxa from Myanmar and Indonesia (Java). Hamadryad in Persia orientali a N. Zarudny Collectorum. Ann. Mus. Zool.
27(1)(2002)[2003]:11-56. Acad. Imp. Sci. St. Pétersbourg 4:369-372.
McCorb, W.P anp THomsoNn, S.A. 2002. A new species@helodina NuTtapHanD, W. 1979. The Turtles of Thailand. Bangkok: Siamfarm
(Testudines: Pleurodira: Chelidae) from northern Australia. Jour- Zoological Garden, 222 pp.
nal of Herpetology 36(2):255-267. NutapHaND, W. 1986. [Manlai, the largest softshell in the world.]
McCorp, W.P., ¥ErRsoN J.B.,anD Boeabl. 1995. A new batagurid Thai Zool. Mag. 1(4):64-69.
turtle from northern Sulawesi, Indonesia. Chelonian Conservatiof®ssr, F.J.anp Reivann, M. 1994, Bemerkenswerte Variabilitat bei
and Biology 1(4):311-316. Cuora galbinifronBourret, 1939, mit Beschreibung einer neuen
McCorp, W.P., 1/ErsoN J.B., BiNks, P.Q.AND SHaFFER, H.B. 2000. A geographischen Untera@uora galbinifrons bourreubsp. nov.
new genus of geoemydid turtle from Asia. Hamadryad 25(2):86-90. (Reptilia: Testudines: Cryptodira: Bataguridae). Zool. Abh. Mus.

McCorp, W.P., dsep+Ouni, M., anD Lamar, W.W. 2001. A taxo- Tierk. Dresden 48:125-137.
nomic reevaluation d?hrynopg(Testudines: Chelidae) with the OciLey, J.D. 1890. Description of a new Australian tortoise. Rec.
description of two new genera and specieBafrachemys Austral. Mus. 1:56-59.
Revista de Biologia Tropical 49:715-764. Okavama , T., Diaz-FernanDEZ, R., Basa, Y., Haum, M., Asg, O.,

McCorp, W.P., GnN, J.,anD JosepOuni, M. 2003. A taxonomic Azeno, N.,anp Koikg, H. 1999. Genetic diversity of the hawksbill
assessment &mydura(Testudines: Chelidae) with descriptions  turtle in the Indo-Pacific and Caribbean regions. Chelonian Con-
of new subspecies from Queensland, Australia. Reptilia (GB) servation and Biology 3:362-367.

(Barcelona) 27:59-63. Ouwens, P.A. 1914. List of Dutch East Indian chelonians in the
McCorp, W.P., &dser+Ouni, M., ano Hacen, C. 2007a. A new Buitenzorg Zoological Museum. Contrib. Faune Ind. Neerl.

subspecies ofhelodina mccord{Testudines: Chelidae) from Buitenzorg 1:29-32.

eastern Rote island, Indonesia. Reptilia (GB) 52:53-57. Owen, R. 1853. Descriptive catalogue of the osteological series
McCorp, W.P., &sep+Ouni, M., ano Hacen, C. 2007b. A new contained in the Museum of the Royal College of Surgeons of

species ofChelodina(Testudines: Chelidae) from Timor (East England. Vol |. Pisces, Reptilia, Aves, Marsupialia. London:

Timor). Reptilia (GB) 52:58-61. Taylor and Francis, pp. 350.

McDoweLL, S.B. 1964. Partition of the genGfemmysand related  Paikovacs, E.P., GrLAcH, J.,AND Caccong, A. 2002. The evolution-
problems in the taxonomy of the aquatic Testudinidae. Proceed- ary origin of Indian Ocean tortoiseBipsochelys Molecular

ings of the Zoological Society of London 143:239-279. Phylogenetics and Evolution 24:216-227.

MerTens R. 1954. Zur Kenntnis der Schildkrétenfauna VenezuelasPaLkovacs, E.P., M\rscHNER M., Gori, C., GERLACH, J. AND CACCONE,
Senck. Biol. 35(1/2):3-7. A. 2003. Are the native giant tortoises from the Seychelles really

MerTENs R. 1967. Bemerkenswerte Susswasserschildkrdten aus extinct? A genetic perspective based on mtDNA and microsatellite
Brasilien. Senck. Biol. 48:71-82. data. Molecular Ecolog$2:1403-1413.

MEerTeENS R. 1969. Eine neue Rasse der Dachschildkikatehuga PaLLas, P.S. 1814. Zoographia Rosso-Asiatica. Ill. Animalia
tecta Senck. Biol. 50:23-30. Monocardia seu Frigidi Sanguinis Imperii Rosso-Asiatici.

MerTtens R. ano WermuTH, H. 1955. Die rezenten Schildkroten, Petropolis: Officina Caes. Academiae Scientiarum, 428 pp.
Krokodile und Briickenechsen. Eine kritische Liste der heutéPaoLiio, A. 1985. Description of a new subspecies of the turtle
lebenden Arten und Rassen. Zoologische Jahrbiicher 83:323-440.Rhinoclemmys punctulari (Daudin) (Testudines: Emydidae)

MEever, A.B. 1874. Eine Mittheilung Uber die von mir auf Neu-  from southern Venezuela. Amphibia-Reptilia 6(3):293-305.
Guinea und den Inseln Jobi, Mysore und Mafoor im Jahre 187BarHam, J.F. anD FELDMAN, C.R. 2002. Generic revisions of emydine
gesammelten Amphibien. Mber. Akad. Wiss. Berlin 39:128-140. turtles. Turtle and Tortoise Newsletter 6:28—30.

Mikan, J.C. 1820. Delectus Florae et Faunae Brasiliensis. Fascicul®srHam, J.F. anD Zug, G.R. 1996Chelonia agassizit+ valid or not?

Primus. Vindobonae: 6 pp., 6 pls. Marine Turtle Newsletter 72:2-5.
Mikan, J.C. 1825. Delectus Florae et Faunae Brasiliensis. Fascicull®rHam, J.F., $uson, W.B., Kozak, K.H., FeLoman, C.R.,.anD SHI,
Quartus. Vindobonae: 6 pp., 6 pls. H. 2001. New Chinese turtles: endangered or invalid? A reassess-

MiLLER, J.F. 1779. Icones animalium et plantarum. (Various subjects ment of two species using mitochondrial DNA, allozyme electro-
of natural history, wherein are delineated birds, animals, and many phoresis, and known locality specimens. Animal Conservation
curious plants). London: Letterpress, pp. 10, pls. 60. 4:357-367.

MiTTERMEIER, R.A., aND WiLson, R.A. 1974. Redescription of ParHam, J.F., SuarT, B.L., Bour, R.,AND FRiTZ, U. 2004. Evolution-
Podocnemis erythrocephaléSpix, 1824), an Amazonian ary distinctiveness of the extinct Yunnan box turtle revealed by
pelomedusid turtle. Papéis Avulsos de Zoologia, Sdo Paulo DNA from an old museum specimen. Proceedings of the Royal
28(8):147-162. Society Series B: Biology LetteP§1(1556[S6]):391-394.

Moussisovics A.V. 1889. Zoogeographische Notizen tber Sud-UngarrParHam, J.F., ELoman, C.R.,aND Boorg J.L. 2006a. The complete
aus den Jahren 1886-1888. lIl. Nachtrag zur “Fauna von Béllye und mitochondrial genome of the enigmatic bigheaded turtle
Darda.” Mitt. Naturwiss. Ver. Steiermark, Graz 25(1888):233-269.  (Platysternoix description of unusual genomic features and the

MoLL, E.O. 1987. Survey of the freshwater turtles of India. Part Il: reconciliation of phylogenetic hypotheses based on mitochondrial
The genuKachugaJ. Bombay Nat. Hist. Soc. 84:7-25. and nuclear DNA. BMC Evolutionary Biology 6(11):1-11.

Mosimann, J.EAnD RaBe, G.B. 1953. A new subspecies of the turtle ParHam, J.F., Mhcey, J.R., RPENFUsS T.J., FELDMAN, C.R., TURKOZAN,
Geoemyda rubidéCope) from western Mexico. Occ. Pap. Mus.  O., Poymeni, R., ano Boorg, J.L. 2006b. The phylogeny of



196 Defining Turtle Diversitys Chelonian Research Monographs, No. 4 — 2007

Mediterranean tortoises and their close relatives based on com-Aspideretes, Nilssoniazoologica Scripta 36(4):301-310.
plete mitochondrial genome sequences from museum specime®ascHag, P., Hinbsporrer A.K., anp FriTz, U. 2007b. Phylogeny
Molecular Phylogenetics and Evolution 38:50-64. and taxonomy of endangered South and South-east Asian freshwa-
ParHam, J.F., TRkozaN, O., SUART, B.L., ARAKELYAN, M., SHAFEI, ter turtles elucidated by mtDNA sequence variation (Testudines:
S., Macey, J.R.AnD ParenrFuss T.J. 2006¢. Genetic evidence for ~ GeoemydidadBatagur, Callagur, Hardella, Kachuga, Pangshura
premature taxonomic inflation in Middle Eastern tortoises. Pro- Zoologica Scripta 36(5):429-442.
ceedings of the California Academy of Sciences 57(3):955-963PritcHarp, P.C.H. 1967. Living Turtles of the World. Jersey City:
PerRALA, J. 1996. Tortoises in southern Turkey. In: Kanza, M., Perala, J., TFH Publ., 288 pp.
and Vikberg, J. (Eds.). Herpetokongressi | - The Official Congres®ritcHarp, P.C.H. 1979. Encyclopedia of Turtles. Neptune, NJ:
Publication, Herpetological Society of Finland, pp. 14-26. TFH Publications, 895 pp.
PERALA, J. 2001. A new specieskdstudgTestudines: Testudinidae) PritcHarp, P.C.H. 1990. Turtles of the world (book review). Copeia
from the Middle East, with implications for conservation. Journal 1990: 62-67.

of Herpetology 35(4):567-582. PrircHARD, P.C.H. 1996. The Galapagos Tortoises: Nomenclatural and
PerALA, J. 2002a. The gendsestudo(Testudines: Testudinidae): Survival Status. Chelonian Research Monographs No. 1, 85 pp.

phylogenetic inferences. Chelonii 3:32-39. PritcHArD, P.C.H. 2000lndotestudo travancoricaa valid species
PerALA, J. 2002b. Biodiversity in relatively neglected tax@esftudo of tortoise? Reptile and Amphibian Hobbyist 5(6):18-28.

L., 1758 S. L. Chelonii 3:40-53. PritcHARD, P.C.H.anD McCorp, W.P. 1991. A new emydid turtle

PerALA, J. 2002c. Morphological variation among Middle Eastern from China. Herpetologica 47(2):139-147.
Testudo graech., 1758 (sensu lato), with a focus on taxonomy. PrircHARD, P.C.HanD TreBeAu, P. 1984. The Turtles of Venezuela.
Chelonii 3:78-108. Society for the Study of Amphibians and Reptiles, Contributions
Peters W.K.H. 1854. Ubersicht der auf seiner Reise nach in Herpetology No. 2, 403 pp.
Mossambique beobachteten Schildkréten. Ber. MonatsberichQuoy, J.R.Canb Gaimarp, J.P. 1824. Sous-genre Tortue de Terre—

Verhand. K. Preuss. Akad. Wiss. Berlin 1854:215-216. TestudoBrongn. Tortue Noire—Festudo nigraN. In: Freycinet,
Peters W.K.H. 1862. Uber einen neughyllodactylusius Guayaquil. M.L. de. Voyage Autour du Monde, Entrepris par le ministére et
Monatsb. Konigl. Akad. Wiss. Berlin 1862:626-627. conformément aux instructions de s. exc. M. le Vicomte du

Peters W.K.H. 1868. Eine Mittheilung iber eine neue Nagergattung, Bouchage, Secrétaire d’etat au Department de la Marine, Exécuté
Chiropodomys pencillatyso wie Uiber neue oder weniger bekannte  sur les corvettes de S.M. I'Uranie et la Physicienne, pendant les
Amphibien und Fische. Amphibien. Monatsberichte Akad. Wiss. années 1817-1820. Zoologie. Paris, pp. 174-175.

Berlin 1868:448-453. Rawmsay, E.P. 1886. Onanew genus and species of freshwater tortoise
Peters W.K.H. 1870.Platemys tuberosaeine neue Art von from the Fly River, New Guinea. Proceedings of the Linnaean

Schildkréten aus British-Guiana. Mon. Konigl. Akad. Wiss. Ber- ~ Society of New South Wales (2)1(1887)[1886]:158-162.

lin 1870:311-313. Remann, M. 1979. Geoemyda trijuga wirotiTestudo nutapungi

PHiLpPEN, H.-D. aND Grossmany, P. 1990. Eine neue Schlangenhals- In: Nutaphand, W. The Turtles of Thailand. Bangkok: Siamfarm
schildkréte von Neuguine&helodina reimannisp. n. (Reptilia, Zoological Garden, pp. 177-178, 193-195
Testudines, Pleurodira: Chelidae). Zoologische AbhandlungeRropin, A.G.J. 1994a. Chelid turtles of the Australasian Archi-
Staatliches Museum Tierkunde Dresden 46(5):95-102. pelago: I. A new species @helodinafrom southeastern Papua
PHiLuips, C.A., Dmmick , W.W.,anD CarRr, J.L. 1996. Conservation New Guinea. Breviora 497:1-36.
genetics of the common snapping turhélydra serpentifa ~ Ruobin, A.G.J. 1994b. Chelid turtles of the Australasian Archi-
Conservation Biology 10:397-405. pelago: Il. A new species @helodinafrom Roti Island, Indone-
PiEH, A. 2001.Testudo graeca soussense neue Unterart der sia.. Breviora 498:1-31.
Maurischen Landschildkrote aus dem Sousstal (Stidwest-Marokkdpropin, A.G.J.,anp Genorura V.R. 2000. Conservation status of
Salamandra 36(4)(2000)[2001]:209-222. freshwater turtles in Papua New Guinea. In: van Dijk, P.P., Stuart, B.L.,
PiEH, A. anD PeErRALA, J. 2002. Variabilitdét vonTestudo graeca and Rhodin, A.G.J. (Eds.). Asian Turtle Trade: Proceedings of a
Linnaeus, 1758 im ¢stlichen Nordafrika mit Beschreibung eines Workshop on Conservation and Trade of Freshwater Turtles and
neuen Taxons von der Cyrenaika (Nordostlibyen). Herpetozoa Tortoises in Asia. Chelonian Research Monographs 2:129-136.
15(1/2):3-28. RHobiN, A.G.J.,AND MITTERMEER, R.A. 1976 Chelodina parketia
PEH, A.anp PERALA, J. 2004. Variabilitdtder Maurischen Landschildkréten  new species of chelid turtle from New Guinea, with a discussion of
(Testudo graecd.innaeus, 1758 - Komplex) im zentralen und Chelodina siebenrockerner, 1901. Bulletin of the Museum of
norwestlichen Marokko mit Beschreibung zweier neuer Taxa Comparative Zoology 147(11):465-488.
(Testudines: Testudinidae). Herpetozoa 17(1/2):19-47. RHobin, A.G.J anD MITTERMEIER, R.A. 1983. Description &thrynops
Power, J.H. 1927. On the herpetological fauna of the Lobatsi- williamsi, a new species of chelid turtle of the South Amerigan
Linokana Area. Part I. Trans. Roy. Soc. S. Africa 14:405-422.  geoffroanuscomplex. In: Rhodin, A.G.J. and Miyata, K. (Eds.).
PrascHag, P.anD GeMEL, R. 2002. Identity of the black softshellturtle  Advances in Herpetology and Evolutionary Biology. Essays in
Aspideretes nigrican@nderson, 1875), with remarks on related  Honor of Ernest E. Williams. Cambridge, MA: Museum of Com-
species. Faunistische Abhandlungen Staatliches Museum fiir parative Zoology, pp. 58-73.
Tierkunde Dresden 23:87-116. RHopi, A.G.J., MrTERMEIER, R.A.,AND McMOoRRIs J.R. 1984Platemys
PrascHag, P., SHmiDT, C., FRiTzscH, G., MULLER, A., GeMEL, R.,AND macrocephalga new species of chelid turtle from central Bolivia and
Frirz, U. 2006.Geoemyda silvaticaan enigmatic turtle of the the Pantanal region of Brazil. Herpetologica 40(1):38-46.
Geoemydidae (Reptilia: Testudines), represents a distinct genuRotHscHiLb, W. 1901. On a new land-tortoise from the Galapagos

Organisms, Diversity, and Evolution 6:151-162. Islands. Novit. Zool. 8:372.
PrascHAg, P., HnbsporrER ALK, REzA, A.H.M.A. anD FriTz, U.2007a.  RoTHscHiLb, W. 1903. Description of a new species of gigantic land
Genetic evidence for wild-livingspideretes nigricarssd amolecular tortoise from Indefatigable Island. Novitates Zool. 10:119.

phylogeny of South Asian softshell turtles (Reptilia: Trionychidae:Rueba-Aimonacip, J.V., GRR, J.L., MTTERMEIER, R.A., RoDRIGUEZ



TurTLE TAaxonoMy WoRkKING GrRourp— Annotated List of Turtle Taxa 197

MaHecHA, J.V., MasT, R.B., WocT, R.C., Riobin, A.G.J.,DE LA ScHwelcGeER A.F. 1812. Prodromus monographiae Cheloniorum.

Ossa-VELASQUEZ J., RiEDA, J.N.,AND MITTERMEIER, C.G. 2007. Ko6nigsb. Arch. Naturwiss. Math. 1:271-368; 406-458.

Las tortugas y los cocodrilianos de los paises andinos del tropicBeeLicer, L.M. 1945. Variation in the Pacific mud turtle. Copeia

Bogota, Colombia: Editorial Panamericana, Formas e Impresos, 1945(3):150-159.

Serie de guias tropicales de campo No. 6, Conservacié®ipeL, M.E. 1994. Morphometric analysis and taxonomy of cooter

Internacional, 538 pp. and red-bellied turtles in the North American geRasudemys
RumMLER, H.-J.anD FriTz, U. 1991. Geographische Variabilitdét der  (Emydidae). Chelonian Conservation and Biology 1(2):117-130.

Amboina-Scharnierschildkro@ioraamboinensi®audin, 1802),  SeibeL, M.E. 1995. How many species of cooter turtles and where is

mit Beschreibung einer neuen Unter@rta. kamaromasubsp. the scientific evidence? - A reply to Jackson. Chelonian Conserva-
nov. Salamandra 27(1):17-45. tion and Biology 1(4):333-336.
RuppeLL, E. 1835. Neue Wirbelthiere zu der Fauna von AbyssinierSeiber, M.E. 2002. Taxonomic observations on extant species and
gehorig. Amphibien. Frankfurt: S. Schmerber, 18 pp. subspecies of slider turtles, gefiuachemysJournal of Herpetol-
RusseLLg M.A., GLABERMAN, S., GBBs, J.P., M\RQUEZ, C., PWELL, ogy 36:285-292.
J.R. AND Caccong, A. 2005. A cryptic taxon of Galapagos tortoise Seiper, M.E., Merson J.B.,anp Apkins, M.D. 1986. Biochemical
in conservation peril. Biological Letters 1:287-290. comparisons and phylogenetic relationships in the family
RusseLLg M.A., BeHEREGARAY, L.B., GBBS, J.P., RiTTS, T., HaviL, N., Kinosternidae (Testudines). Copeia 1986(2):285-294.

PoweLL, J.R.AND Cacconeg, A. 2007. Lonesome George is not alone Sers, J.M., RiLuips, C.A.,anD IvErson J.B. 2001. Molecular phylog-
among Galapagos tortoises. Current Biology 17(9):R317-R318. eny and biogeography &inosternon flavescersased on com-

Rusr, H.T., MErTENS R.,AND MULLER, L. 1934. Systematische Liste der  plete mitochondrial control region sequences. Molecular
Lebenden Schildkroten. Blatt. Aquar. Terrarienknd. 45:42-45,59-67. Phylogenetics and Evolution 18:149-162.

ScHLEGEL, H. AND MULLER, S. 1844. Over de Schildpadden van denSHarrer, H.B., MeyLan, P. AnD McKnigHT, M.L. 1997. Test of turtle
Indischen Archipel, beschrijving einer nieuwe soort van Sumatra. phylogeny: molecular, morphological, and paleontological ap-
In: Temminck, C.J. (Ed.). Verhandelingen over de Natuurlijke proaches. Systematic Biology 46:235—-268.

Geschiendenis der Nederlandsche Overzeesche Bezittingen, 183mrrer, H.B., Sarkey, D.E.,anp Fuaita, M.K.. In press. Molecular
44. Part 3. Zoologie, Schildpadden. Leiden: Luchtmans and van insights into the systematics of the snapping turtles (Chelydridae).
der Hoek. In: Steyermark, A.C., Finkler, M.S., and Brooks, R.J. (Eds.), The

ScHLEicH, H.H. 1996. Beitrag zur Systematik des Formenkreises von Biology of the Snapping Turtle. Baltimore: Johns Hopkins Univer-
Mauremys leprosgSchweigger) in Marokko. Teil I. Spixiana  sity Press.

Suppl. 22:29-59. SHaw, G. 1794. Zoology of New Holland. Vol. I. London: J. Davis, 33 pp.
ScHLEICH, H.-H. ano Gruser, U. 1984. Eine neue Grosskopf- Svaw, G. 1802. General Zoology, or Systematic Natural History.

schildkrote, Platysternon megacephalum tristernatiev. ssp., Volume llI, Part I, Amphibia. London: G. Kearsley, 312 pp.

aus Yunnan, China. Spixiana 7:67-73. SeBeNRock, F. 1901. Beschreibung einer neuen Schildkrétengattung aus

ScHieicH, H.H. ano KasTie, W. (Eds.). 2002. Amphibians and  der Familie Chelydidae von AustralidPseudemydura Anzeiger
Reptiles of Nepal. Biology, Systematics, Field Guide. Koenigstein: Akad. Wissen. Wien Math.-Natur. Klasse 38(22):248-250.
Koeltz Scientific Books, pp. 1201. SEeBeENROCK, F. 1903a. Schildkréten des dstlichen Hinterindien. Sitzung.
SchmioT, K.P. 1928. Amphibians and land reptiles of Porto Rico, with  Akad. Wissen. Wien Math.-Natur. Klasse 112(1):333-353.
a list of those reported from the Virgin Islands. In: Scientific Sesenrock, F. 1903b. Uber zwei seltene und eine neue Schildkréte des
Survey of Porto Rico and the Virgin Islands. New York Academy Berliner Museums. Sitzungsb. Akad. Wiss. Wien 112(1):439-445.

of Science, 160 pp. Sieeenrock, F. 1906a. Zur Kenntnis der Schildkrotenfauna der Insel
ScHmvipT, K.P.1947. Anewkinosternid turtle from Colombia. Fieldiana Hainan. Zool. Anz. Leipzig 30:578-586.
Zoology 31(13):109-112. SiEBENROCK, F. 1906b. Eine neuwginosternurrArt aus Florida. Zool.

SchmioT, K.P.anD Owens, D.W. 1944. Amphibians and reptiles of ~ Anz. 30:727-728.
northern Coahuila, Mexico. Field Mus. Nat. Hist. Zool. 29:97-115.Siesenrock, F. 1906c¢. Schildkréten von Ostafrica und Madagaskar.
ScHNEIDER, J.G. 1783. Allgemeine Naturgeschichte der Schildkréten, In: Voeltzkow, A. Reise in Ost-Afrika in den Jahren 1903-1905
nebst einem systematischen Verzeichnisse der einzelnen Artenmit Mitteln der Hermann und Elise geb. Heckmann-Wentzel-
und zwei Kupfern. Leipzig: J.G. Muller, 364 pp. Stiftung. Wissenschaftliche Ergebnisse. Systematischen
ScHNEIDER, J.G. 1792. Beschreibung und Abbildung einer neuen Art  Arbeiten. Stuttgart 2:1-40.
von Wasserschildkrote nebst Bestimmungen einiger bisher weni§esenrock, F. 1909. Synopsis der rezenten Schildkrdten, mit
bekannten fremden Arten. Schrift. Ges. Naturf. Freunde Berlin Berlcksichtigung der in historischer Zeit ausgestorbenen Arten.

10:259-284. Zoologische Jahrbuicher Supplement 10(3):427-618.
ScHoeprrrJ.D. 1792. Historia Testudinum Iconibus lllustrata. Erlangae Sesenrock, F. 1914. Eine neu€helodinaArt aus Westaustralien.
loannis lacobi Palm, 136 pp, [pp.1-32]. Wien. Anz. Ak. Wiss. 17:386-387.
ScHoeprrJ.D. 1793. Historia Testudinum Iconibus lllustrata. Erlangae Sroky, P..anp Fritz, U. 2007. ISTestudo werner distinct species?
loannis lacobi Palm, 136 pp, [pp.33-80]. Biologia (Bratislava) Section Zoology 62(2):1-4.
ScHoeprrJ.D. 1795. Historia Testudinum Iconibus lllustrata. Erlangae SwitH, A. 1838. lllustrations of the Zoology of South Africa, consist-
loannis lacobi Palm, 136 pp, [pp.81-112]. ing chiefly of Figures and Descriptions of the Objects of Natural
ScHoeprrrJ.D. 1801. Historia Testudinum Iconibus lllustrata. Erlangae: History collected during an Expedition into the Interior of South
loannis lacobi Palm, 136 pp, [pp.113-136]. Africa, in the years 1834,1835, and 1836. Vol. 3 Reptilia. London:
ScHwARTZ, A. 1955. The diamondback terrapiaaclemys terra- Smith, Elder & Co. 28p.
pin) of peninsular Florida. Proceedings of the Biological SocietySwitH, A. 1839. lllustrations of the Zoology of South Africa. Reptiles.
of Washington 68:157-164. London.

ScHwARrTz, A. 1956. Geographic variation in the chicken turtle SwitH, H.M. anp Guass, B.P. 1947. A new musk turtle from the
Deirochelysreticularid_atreille. Fieldiana, Zoology. 34:461-503.  southern United States. J. Washington Acad. Sci. 37:22-24.



198 Defining Turtle Diversitys Chelonian Research Monographs, No. 4 — 2007

SwitH, H.M. anp Ramsey, LW. 1952. A new turtle from Texas. and Biology 3(4):675-685.

Wasman Journal of Biology 10:45-54. THomsoN, S., GoraGEs A., AND Livpus, C.J. 2006. A new species of
SwitH, H.M., HuMPHREY, R.,AND CHiszAR, D. 1996. A range extension freshwater turtle in the genE$seya(Testudines: Chelidae) from

for the box turtleTerrapene yucatan®ulletin Maryland Herpe- central coastal Queensland, Australia. Chelonian Conservation

tological Society 32:14-15. and Biology 5(1):74-86.

Song, M.T. 1984. [A new species of the turtle gemDeora  THuneerg, C.P. 1787. Beskrifning pa trenne skéld-paddor. Kongl.
(Testudoformes: Testudinidae).] Acta Zootaxonomica Sinica Vetensk. Acad. Nya Handl. Stockholm (2)8:178-180.

9(3):330-332. TinkLE, D.W.anD WEBB, R.G. 1955. A new species$fernotherus
Seinks, P.QanD SHAFFeR H.B. 2005. Range-wide molecular analysis  with a discussion of th8ternotherus carinatusomplex. Tulane
of the western pond turtl&nys marmorafga cryptic variation, Stud. Zool. 3(3):53-67.
isolation by distance, and their conservation implications. MolecuTroost, G. 1835. Chelonura Temminckiiln: Harlan, R. Medical and
lar Ecology 14:2047-2064. Physical Researches. Philadelphia: Bailey, 653 pp., [pp.157-158].
Seinks, P.QAND SHAFFER, H.B. 2007. Conservation phylogenetics of Troschey, F.H. 1848. Amphibien. In: Schomburgk, M.R. Versuch
the Asian box turtles (Geoemydid@eiora): mitochondrial intro- einer Fauna und Flora von Britisch Guiana. Leipzig, Vol. 3,
gression, numts, and inferences from multiple nuclear loci. Con- pp.645-661.
servation Genetics 8:641-657. TurTLE TAxoNomy WORKING Group [BickHam, J.W., RrHam, J.F.,
SeiNks, P.Q., SiaFFer, H.B., Verson J.B.,anD Mccorp, W.P. 2004. PHiLPPeN, H.D., Riopin, A.G.J., SAFFER, H.B., $INks, P.Q.AND vAN
Phylogenetic hypotheses for the turtle family Geoemydidae. Mo- Dk, P.P.]. 2007. Turtle taxonomy: methodology, recommendations,
lecular Phylogenetics and Evoluti@:164—182. and guidelines. Chelonian Research Monographs 4:73-84.
Srix, J.B. 1824. Animalia Nova sive Species Novae Testudinum é¥aiLLant, L. 1885a. Description d'une tortue terrestre d’espece
Ranarum. Monachii, 53 pp. nouvelle Testudo yniphora Nouv. Arch. Mus. (3)1:161-167.
Srarkey, D.E., $Siarrer H.B., BUrRkE, R.R., OrRsTNER M.R.J., /ERSON VaiLLanT, L. 1885b. Remarques complémentaires sur les tortues
J.B., dnzen, F.J., Riobin, A.G.J.,anp ULtscH, G.R. 2003. Mo- gigantesque de Madagascar. C.R. Acad. Sci. Paris 100:874-877.
lecular systematics, phylogeography, and the effects of Pleid/aLenciEnnes, A. 1832. Cistuda hellenich In: Bibron, G. and Bory
tocene glaciation in the painted turt@hfysemys piclecomplex. de Saint-Vincent, J.B.G.M. Vertébrés a sang froid. Reptiles et
Evolution 57:119-128. Poissons. In: Saint-Hillaire, G. (Ed.). Expédition Scientifique de

SteJNeGeR L. 1918. Description of a new lizard and a new snapping Morée 3(1):57-65.
turtle from Florida. Procedings of the Biological Society of Wash-VaLenciennes, A. 1833. Emys rivulaté In: Bibron, G. and Bory de Saint-
ington 31:89-92. Vincent, J.B.G.M. Vertébrés a sang froid. Reptiles et Poissons. In:
SreineceR L. 1925. New species and subspecies of American turtles. Saint-Hillaire, G. (Ed.). Expédition Scientifique de Morée 3:pl. 9.
Journal of the Washington Academy of Science 15:462-463. Van DensurcH, J. 1895. A review of the herpetology of lower
SrepHENS P.R.AND WiENS, J.J. 2003. Ecological diversification and  California. Part | - Reptiles. Proc. Cal. Acad. Sci. (2)5:77-162.
phylogeny of emydid turtles. Biological Journal of the LinneanVan DensurcH, J. 1907. Expedition of the California Academy of

Society 79:577-610. Sciences to the Galapagos Islands, 1905-1906. |. Preliminary
StuarT, B.L. anD ParHAM, J.F. 2004. Molecular phylogeny of the  descriptions of four new races of gigantic land tortoises from the

critically endangered Indochinese box tui@egra galbinifron$. Galapagos Islands. Proc. Calif. Acad. Sci. (4)1:1-6.

Molecular Phylogenetics and Evolution 31:164-177. VanpeLL, D. 1761. Epistola de Holothurio, et Testudine Coriacea ad
StuarT, B.L. anD ParHam, J.F. 2007Recent hybrid origin of three Celeberrimum Carolum Linnaeum. Patavii [Padova]: Conzatti, 12 pp.

rare Chinese turtles. Conservation Genetics 8:169-175. vaN DER KuyL, A.C., BaLasina, D.L.P., Dekker, J.T., Maas, J.,

Suckow, G.A. 1798. Anfangsgrinde der theoretischen und WiLLemsen, R.E.,anp Goupsmit, J. 2002. Phylogenetic relation-
angewandten Naturgeschichte der Thiere. Dritter Theil. Von den ships among the species of the gefestudo(Testudines:
Amphibien. Leipzig: Weidmannischen Buchhandlung, pp.298.  Testudinidae) inferred from mitochondrial 12S rRNA gene se-

Tang, Y.1997. Research onanew speci€@ddiscusTrionychidae, guences. Molecular Phylogenetics and Evolution 22: 174-183.

in China. Zool. Res. Kunming 18(1):13-17. VAN DER KuvL, A.C., BaLtasina, D.L.P.,anD ZoreDrAGER F. 2005.
TavLor, W.E. 1895. The box turtles of North America. Proceedings Mitochondrial haplotype diversity in the tortoise speGiestudo

of the U.S. National Museum 17:573-588. graecarom North Africa and the Middle East. BMC Evolutionary
TavLor, E.H. 1920. Philippine turtles. Philippine J. Sci. Manila  Biology 5:1-8.

16(2):1-144. Vanzouint, P.E. 1995. A new species of turtle, gehaEhemysfrom
Temminck, C.J.anp ScHiecer, H. 1835. Reptilia Elaborantibus. 1. the State of Maranh&o, Brazil (Testudines, Emydidae). Rev. Brasil.

Chelonii. In: Siebold, P.F. von. Fauna Japonica. Vol. lll. Lugduni Biol. 55(1):111-125.

Batavorum; pp.1-80. Voert, T. 1911. Reptilien und Amphibien aus Neu-Guinea. Sbher. Ges.
THeosaLD, W., &k. 1876. Descriptive Catalogue of the Reptiles of Naturf. Freunde, Berlin 9:410-414.

British India. Calcutta: Thacher, Spink and Co., 238 pp. Vutemin, S. 1972. Note suMadakinixys domerguei. gen. n. sp.

THowmson, S.A. 2000. Onthe identification of the holotyp€bElodina (Testudinidae). Ann. Univ. Madagascar Ser. Sci. Nat. Math. 9:169-182.
oblonga(Testudines: Chelidae) with a discussion of the taxonomid/uiLLEmiN, S.anp DomerGUE, C. 1972. Contribution to the study of
implications. Chelonian Conservation and Biology 3:745-749.  the fauna of Madagascar: descriptiofPgkoides brygoajen. et

THomson, S.A. 2006.Chelodina rugosaDgilby, 1890 (currently sp. nov. (Testudinidae). Ann. Univ. Madagascar Ser. Sci. Nat.
Macrochelodina rugosaReptilia, Testudines): proposed prece- Math. 9. 193-200.
dence overChelodina oblongaGray, 1841. ICZN Case 3351. WaGLER, J.G. 1833. Descriptiones et Ilcones Amphibiorum. Tres
Bulletin of Zoological Nomenclature 63:187-193. partes cum XXXVI tabulis. Monachii: J.G. Cottae, pl. 30.

THomsoN, S., KENNETT, R.,AND GeoraEs A. 2000. A new species of WaLkeRr, D., QrTi, G.,aND Avisg, J.C. 1998. Phylogenetic distinc-
long-necked turtle (Testudines: Chelidae) from the Arnhem Land tiveness of a threatened aquatic turdge(notherus depresgus
Plateau, Northern Territory, Australia. Chelonian Conservation Conservation Biology 12:639-645.



TurTLE TAaxonoMy WoRkKING GrRourp— Annotated List of Turtle Taxa 199

WaRrp, J.P. 1984. Relationships of chrysemyd turtles of North AmericaVieemann, A.F.A. 1828. Beytrdge zu Amphibienkunde. Isis, oder
(Testudines: Emydinae). Special Publications of the Museum of Encyclopaedische Zeitung von Oken, Jena 21:364-383.
Texas Tech University 21:1-50. Wieemann, A.F.A. 1835. Beitréage zur Zoologie, gesammelt auf einer
WEess, R.G. 1959. Description of a new softshell turtle from the Reise um die Erde von Dr. F.J.F. Meyen. Siebente Abhandlung.
southeastern United States. U. Kansas Publ. 11(9):517-525. Amphibien. Nova Acta Phys. Med. Acad. Caes. Leop. Carol
WEegs, R.G. 1962. North American Recent soft-shelled turtles (family 17:183-268.
Trionychidae). Univ. Kansas Publ. Mus. Nat. Hist. 13:429-611. Wink, M., Guicking, D., ano Friz, U. 2001. Molecular evidence for
WEegs, R.G. 1980. The identity dfestudo punctathacepede, 1788 hybrid origin ofMauremys iversoritritchard et McCord, 1991, and
(Testudines, Trionychidae). Bull. Mus. Nat. Hist. Nat. Paris Mauremyspritchard¥icCord, 1997 (Reptilia: Testudines: Bataguridae).
(4):2A:547-557. Zoologische Abhandlungen Mus. Tierk. Dresden 51:41-49.
WEegs, R.G. 1995. The date of publication of Gra@atalogue of  WiscHur, T.anDp Fritz, U. 1996. Eine neue Unterartder Bachschildkrote
Shield ReptilesChelonian Conservation and Biology 1:322-323.  (Mauremys caspica ventrimaculaabsp. nov.) aus dem Iranischen
WEegg, R.G. 2003. Observations on the giant softshell ti#lechelys Hochland. Salamandra 32(2):113-122.
cantorii, with description of a new species. HamadryadWiscHur, T.anp Fritz, U. 1997. Mauremys caspica siebenrdcka: Fritz,

27(1)(2002)[2003]:99-107. U. and Wischuf, T. Zur Systematik westasiatisch-stidosteuropéischer
WEeBB, R.G AND LEGLER, J.M. 1960. A new softshell turtle (gefiui®nyx Bachschildkroten (Gattuniylauremy$ (Reptilia: Testudines:
from Coahuila, Mexico. U. Kansas Sci. Bull. 40(2):21-30. Bataguridae). Zool. AbtMus. Tierkd. Dresden 49(13):223-260.
WEissiNnGeER H. 1987.Testudo graeca anamurendsp. nov. aus  YAsukawa, Y.anp Ota, H. 1999. Geographic variation and biogeog-
Kleinasien. OGH-Nachrichten, Wien 10/11:14-18. raphy of the geoemydine turtles (Testudines: Bataguridae) of the
WELLs, R.W. 2002a. A new subspecies @érettochelygReptilia: Ryukyu Archipelago, Japan. In: Ota, H. (ed.). Tropical Island
Carettochelydidae) from northern Australi@arettochelys insculpta Herpetofauna: Origin, Current Diversity, and Conservation.
cannissp. nov. Australian Biodiversity Record 2002(1):1-7. Amsterdam, Elsevier, pp. 271-297.
WELLs, R.W. 2002b. Taxonomic notes on some Australian freshwateY asukawa, Y., Ora, H.,anp Hikipa, T. 1992. Taxonomic re-evaluation
turtles of the gener&helodinaand Elseya (Reptilia: Chelidae). of the two subspecies@eoemyda spenglé@melin, 1789) (Reptilia:
Australian Biodiversity Record 2002(2):1-30. Emydidae). Japanese Journal of Herpetology 14(3):143-159.

WELLs, R.W. 2007a. Some taxonomic and nomenclatural consider¥ asukawa, Y., Ora, H., anp Iverson J.B. 1996. Geographic varia-
ations on the Class Reptilia in Australia. Notes on the recently tion and sexual size dimorphism ilauremys muticgCantor,

described freshwater turthelodina canriicCord and Thomson, 1842) (Reptilia: Bataguridae), with description of a new subspe-
2002 and aredescription@ifielodinarankiniVells and Wellingotn, cies from the southern Ryukyus, Japan. Zoological Science (Ja-
1985. Australian Biodiversity Record 2007(1):1-5. pan) 13:303-317.

WELLs, R.W. 2007b. Some taxonomic and nomenclatural consideiZancerL, R. anp Mepewm, F. 1958. A new species of chelid turtle,
ations on the Class Reptilia in Australia. Some comments on the Phrynops (Batrachemys) datitom Colombia. Bull. Mus. Comp.
Elseya dentatéGray, 1863) complex with redescriptions of the  Zool. 119:375-390.

Johnstone River snhapping turtlE|seya stirlingiWells and  ZHang, M. 1984. A new species &felochelydrom Zhejiang, with
Wellington, 1985 and the Alligator Rivers snapping tuElseya subfossil description. Acta Herpetol. Sin. 3(4):71-76.
jukesiWells 2002. Australian Biodiversity Record 2007(2):1-12. ZHaNG, M., Zong, Y., AND Ma, J. 1998. Fauna Sinica. Reptilia Vol.

WELLs, R.W. 2007c. Some taxonomic and nomenclatural consider- 1. General Accounts of Reptilia. Testudoformes and
ations on the Class Reptiliain Australia. A new genus of the family Crocodiliformes. Beijing: Science Press, 213 pp.

Chelidae from eastern Australia. Australian Biodiversity RecordZHao, E. 1990. Cuora zhodi In: Zhao, E., Zhou, T., and Ye, P. A
2007(3):1-13. new Chinese box turtle (Testudinata: Emydida€lera zhoui

WELLs, R.W. ano WELLINGTON, C.R. 1985. A classification of the In: Zhao, E. (Ed.). From Water Onto Land. Chinese Soc. Stud.
Amphibia and Reptilia of Australia. Australian Journal of Herpe- Amphib. Rept., Beijing, pp. 213-216.
tology, Supp. Ser. 1:1-61. ZHao, E. 1997. Studies on taxonomy and distribution of Chinese chelo-

WEermutH, H. 1969. Eine neue GroskopfschildkroBdatysternon nians. In: Zhao, E. (Ed.). Chinese Chelonian Research. Chinese Society
megacephalumvogalissp. Aquarien Terrarien Zeit. 22(12):372-374.  for the Study of Amphibians and Reptiles, Herpetological Series No.

WEermUTH, H. aND MErTENs R. 1961. Schildkréten. Krokodile. 9, Sichuan Journal of Zoology 15 (Suppl.):1-26.

Briickenechsen. Jena: Gustav Fischer Verlag, 422 pp. ZHno, E., Ziou, J.,anD ZHou, T. (Eds.) 1997. Chinese Chelonian

WEermuTH, H. AND MERTENS R. 1977. Liste der rezenten Amphibien  Research. Chinese Society for the Study of Amphibians and
und Reptilien. Testudines, Crocodylia, Rhyncocephalia. Das Reptiles, Herpetological Series No. 9, Sichuan Journal of Zoology
Tierrech. Berlin: Walter de Gruyter, 100 pp. 15 (Suppl.), 159 pp.

WERNER F. 1899. Beitrage zur Kenntniss der Reptilien- und BatrachieZHou, G., ZHanG, X.,anD Fang, Z. 1991. Bulletin of anew specigfonyx
fauna der Balkanhalbinsel. Wiss. Mitt. Bosnien. Hercegov. 6:817-841. Acta Sci. Nat. Univ. Norm., Hunan Changsha 14(4):379-382.

WERNER, F. 1901. Ueber Reptilien und Batrachier aus Ecuador undrou, T. 2005. Discovery of a living male Yunnan box tudapra
Neu-Guinea. Verh. Zool. Bot. Ges. Wien. 51:593-603. yunnanensisBoulenger, 1906. Sichuan Journal of Zoology

WhHite, A.W. anD ArRcHER M. 1994 Emydura lavarackorutra new 24(3):345-346.

Pleistocene turtle (Pleurodira: Chelidae) from fluviatile deposits aZHou, T.anp ZHao, E.M. 2004. On the occurrence of liviGgiora
Riversleigh, northwestern Queensland. Records of the South Aus- yunnanensisince fifty-eight years, and its description. Sichuan

tralian Museum 27(2):159-167. Journal of Zoology 23:325-327.
Wiep, M. zu. 1839. Reise in des innere Nord-America in den JahreZong, Y. anp Pan, L. 1989. Studies on the genGsiora of the
1832 bis 1834. Caoblenz: J. Hoelscher, 213 pp. Testudoformes. In: Matsui, M., Hikida, T. and Goris, R.C. (Eds.).

Wiep, M.zu. 1865. Verzeichniss der Reptilien, welche auf einer Reise  Current Herpetology in East Asia. Proceedings of the second
im nordlichen America beobachtet wurden. Nova. Acat. Acad. Japan-China Herpetological Symposium, Kyoto, July 1988. Her-
Leopold Carol. Nat. Curios 32:1-143. petological Society of Japan 1989:198.



Defining Turtle Diversity: Proceedings of a Workshop on Genetics, Ethics, and Taxonomy of Freshwater Turtles and Tortoises
H. Bradley Shaffer, Nancy N. FitzSimmons, Arthur Georges, and Anders G.J. Rhodin, Eds.
Chelonian Research Monographs 4:200 « © 2007 by Chelonian Research Foundation

TURTLE POETRY

Defining Turtle Diversity:
A Light-Hearted Poetic View

Turtle Origins

JosepH W. GASTINGER?

One thought the turtle anapsid

But now perhaps they’re diapsid

It's confusing to me

That old turtle tree

What the twigs and branches and sap did.

Turtle Names

ANDERS G.J. RHODIN?

Some have called you Chelonia

or Chelonii, an Order of Reptilia
some have known you as Testudinata
or the long-forgotten Cataphracta

But best you be Testudines
the name used by Linnaeus
the plural of the type Testudo
defines the group with ease.

1 Composed April 1999, submitted by Martin A. Larson.
Written as a personal poetic reflection on the evolutionary question of turtle origins as published in
Rieppel, O. 1999. Turtle origins. Science 283:945-946.

2 Composed April 2001, revised November 2007.
Written as a personal poetic reflection on the nomenclatural question of what scientific name to use
for the monophyletic group defining all turtles and tortoises.
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