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ABSTRACT OF THE THESIS
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Dr. L. Lee Grismer, Co-Chairperson
Almost all turtle species in Asia are going extinct due to the demand for turtle
products as food and medicine. A difficulty in creating effective conservation measures is
that very little is known about the evolutionary relationships between populations and
species. It is believed that several lineages we are currently calling species could in
actuality be a complex of several species. One of these supposed species is the Yellow
Pond Turtle, Mauremys mutica. Previous research has shown this group to have a
tremendous amount of morphological and molecular diversity. In this study, I have used a
combination of known-locality, farm, and trade seizure specimens to further investigate
this claim that M mutica is a complex of species. In addition, I have included a closely
related species, Mauremys annamensis, into the study since it is often mistaken for M
mutica. DNA analysis reveals two distinct clades, one in mainland China and one in the
southwestern part of its range (Hainan Province and Vietnam). Although results from the
geometric morphometric analyses do not agree, phenotypic coloration patterns seem to
generally support these groups. In the southwestern clade, based on both coloration and
molecular data, there seems to be three additional distinct lineages, Hainan Province,
Northern Vietnam, and Southern Vietnam. For conservation purposes, I recommend the

recognition of four Evolutionary Significant Units: 1) M mutica: Mainland China; 2)
Mauremys schmackeri: Hainan Province; 3) Mauremys grochovskiae: Northern Vietnam;
and 4) Mauremys annamensis: Southern Vietnam.
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CHAPTER ONE

INTRODUCTION
Overview
Turtles in Asia are disappearing at an alarming rate as a result of increased
demand for turtle products for food and traditional medicine (van Dijk, 2000; Lau & Shi,
2000; Parham et al., 2001). Essentially turtles are being eaten to extinction. The Turtle
Survival Alliance, in cooperation with Kadoorie Farms of Hong Kong and the Fort Worth
Zoo, has been organizing massive captive breeding efforts in attempts to save Asian
turtles. Solid understanding of what constitutes a turtle species heavily influences
conservation approaches. Preliminary research has shown that there is great genetic
diversity under what is traditionally thought of as one species (Parham et al., 2001).
However, data on most species are lacking because specimens are close to impossible to
find in the wild and/or are prohibitively expensive to purchase through the pet trade.
Parallel to the heroic efforts by many groups (the private sector, zoos, and
scientists), a better understanding of turtle systematics would benefit conservation
strategies. Unfortunately, existing captive breeding efforts are operating under the
assumption that systematists have delineated proper species. One such turtle whose
evolutionary relationship is still uncertain is the Yellow Pond Turtle (Mauremys mutica).
Claims from various sources have hinted that what is now believed to be M mutica may
in fact be several species (Iverson, 1989, Iverson & McCord, 1994; Yasukawa et al.,
1996, Parham et al., 2001). With the use of morphological and molecular analyses on

known locality, trade seizure, and farm reared specimens, I will, in this study, be able to
evaluate this claim of a species complex.
Asian Turtle Crisis

Asia boasts the highest number of endemic species of freshwater turtles, softshell
turtles, and tortoises. But in recent years, there has been a sharp decrease in turtle
numbers in the wild due to habitat destruction and the increased demand for turtles for
food and medicinal products (Lau & Shi, 2000; van Dijk et at., 2000). Turtle collecting
efforts have increased due to the enormous potential for monetary rewards. The increased
collecting and destruction of native habitat coupled with the life history of turtles (low
fecundity and slow maturation rate) has had a tremendous impact on turtle populations.
This has created a situation that has been coined "The Asian Turtle Crisis".
Turtles and their associated products are used for five main purposes: decoration,
release in Buddhist ceremonies, pet trade, food, and traditional Chinese medicine (TCM)
(Chen et at., 2000; Compton, 2000). Each of these uses places value on different aspects
of the turtle, which results in a different impact. But by far, the demand in the pet, food,
and TCM trade has had the largest impact on the turtles of Asia.
Of all the human uses of turtles, decoration and Buddhist ceremonies have the
least demand, in terms of numbers. Using turtle shells for making masks and other
souvenirs is relatively restricted and occurs mainly in the Papua New Guinea region as
well as Nepal. Much of these decorative products are sold to travelers and tourists. In
Buddhist culture, turtles symbolize fortune and longevity and are often released into
temple ponds (Lau et at., 2000). Demand for such ceremonies is not tremendous, but
escape from these ponds may affect native turtle populations. Currently, it is unknown
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how these introduced species affect the native species of turtle and the surrounding
ecosystem. Fears of escape from ponds have already been verified through the discovery
of turtles in the wild with inscriptions on their shells associated with Buddhist release
(Chen et at., 2000).
In the pet trade, each turtle has a high individual value, which results in the trade
of smaller individuals. The pet trade places value on rare and unusual species. In recent
years, many pet trade specimens have resulted in the description of new species. Over the
past 16 years, the number of turtle species worldwide has increased 5%, with the 13 new
species being described from China (Parham et at., 2001). What raised suspicion of these
descriptions was that 10 of these new species were purchased through the Hong Kong
animal trade (Parham et at., 2001). To determine the species validity, expeditions were
taken to the supposed type localities provided by the animal dealers of these new species.
Not only were there no discoveries of wild populations, but the local people of the
purported type localities were unfamiliar with these turtles when shown photographs
(DeBruin & Artner, 1999; Parham et at., 2001). These new "species" may in fact be
invalid, and may actually be intentionally produced hybrids (Fritz, 1995; Fritz & Obst,
1998; Parham et at., 2001, Parham & Shi, 2001). It is clear that the hundreds to thousands
of dollars being spent per rare individual could be motivation enough to artificially create
unusual animals.
Turtles have had a long history of use for food and medicine in Asia. Fragments
of turtle shells have been found in many Stone Age refuse heaps while use for TCM is
known to date back to at least 2737 B.C. (Lovich et at., 1985; van Dijk, 2000).
Consumption of turtles most probably began as a form of subsistence. During the Ming
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Dynasty, the medicinal properties of turtles were recorded in "Compendium of Materia
Medica" (Lau & Shi, 2000). What resulted was that turtles stopped being seen as a
subsistence food, but rather as a luxury health food item that only the wealthy could
afford. Turtle meat often times cost six times the price of lamb or chicken in India
(TRAFFIC, 2001). In China, the disparity may be even greater, with the price of lamb or
pork averaging 5 RMB/500g compared to 100-300 RMB/500g for turtle meat (Wang,
pers. comm.)
In contrast to the pet trade, the food and TCM trade is less species specific and
deals with a higher volume of turtles and larger sized individuals (TRAFFIC, 2001). The
food and medicinal trade often go hand in hand since many people eat turtles for
medicinal purposes. The use of turtles for food and medicine is found most commonly in
two forms—turtle soup and turtle jelly (Lau et at., 2000). Turtle soup is usually made
from softshell turtles and is eaten in the winter, since the meat is claimed to warm the
blood, while turtle jelly made from ground-up plastral bone from hardshell turtles is
believed to detoxify the blood and even have cancer- healing properties (Lau et at.,
2000). To the author's knowledge, no studies specifically testing the cancer curing
properties of plastral bone have been done. There have, however been tests indirectly
supporting the cancer-curing properties of turtle jelly. Pharmaceutical studies done on
plastral bone (primary source for turtle jelly) of Cuora trYasciata have shown plastral
bone to contain selenium. Selenium, in other studies, has been shown to reduce death
from lung, colorectal, and prostate cancer (Fleming et at., 2001; Moyad, 2002). The
second major cause of the increase of demand for turtle products came in the form of
political and economic reform in Asian countries: the economies of Thailand and
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Malaysia grew, Vietnam, Laos and Cambodia were opened from isolation, and China's
currency became convertible due to "open door" trade (Compton, 2000). These reforms
stimulated trade with foreign countries as well as increased wealth of the general public
due to the trickle-down effect. More and different species of turtles appeared in the
markets as well as the power of common people to purchase them. With such medical
claims along with the changes in political and economical standing of Asian countries, it
is easy to see why demand for turtle products has increased so rapidly.
In general, present trade originates in Southeast Asia and ends up in Southern
China. Imports to China come from three main areas in Asia: Indochina (Cambodia,
Laos, Vietnam), South Asia (Bangladesh, India, Myanmar), and Southeast Asia
(Indonesia, Malaysia, Thailand, Papua New Guinea). Transport is usually land based
from neighboring countries and air based from distant countries. Despite the laws and
restrictions placed on the trade of turtles, legal and illegal trade is prevalent. One of the
biggest problems is the training of custom officials. Custom officials are usually not
trained well enough to identify protected from unprotected turtles (TRAFFIC, 2001).
Before transport out of a country, turtles change hands from hunters to
middlemen several times. First, hunters in local villages use bamboo traps and hunting
dogs to catch the turtles. In general, all turtles encountered, regardless of species or size,
are collected by these hunters. The only restriction may come from traders who refuse
turtles that have low market value or may cause problems when found in a shipment
(TRAFFIC, 2001). Next, one to two middlemen from each province collects the turtles
from the hunters. These are then sent to middlemen in larger cities who export the
shipment to China or neighboring countries (Tana et al., 2000). With all the active trade,
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a recurring pattern of "boom and bust" cycles has emerged (TRAFFIC, 2001). Collection
in an area increase rapidly (boom), peak, and decline as the turtle populations are
depleted (bust). As the numbers decline, the average turtle size declines as well, since
large adults have already been taken. Hunters then move on to another area and the cycle
repeats itself.
Regionally, demand for turtles varies in intensity and the desired product due to
religious and cultural beliefs. Southern China (especially Guangdong Province and Hong
Kong) clearly has the largest market and demand for turtles and turtle products. Nineteen
tons of turtles pass three border points between Guangxi Province and Vietnam daily,
while several hundred tons are exported from Indonesia to Guangzhou, Guangdong
Province daily (Lau & Shi, 2000). All parts of the turtle are highly sought after, except
turtle eggs. Although eating turtle eggs is unpopular in southern China, they are
occasionally eaten and it is slowly gaining popularity (Lau et al., 2000). Demand has
increased so rapidly that wild populations native to Southern China have been decimated
(Compton, 2000). An indication of this can be seen in the size and number of individuals
in the market. Many species that were previously common in the markets are now rare
and smaller in size. Chinemys reevesii, one of the most common turtles in China, has
virtually disappeared from the markets and is considered to be "commercially extinct"
(Compton, 2000). This has forced markets and restaurants to look beyond the borders of
•China for new suppliers. As a result, imports have increased ten-fold since 1977
(Compton, 2000). Hong Kong itself experienced a 28-fold increase in turtle imports from
1992 to 1998 to total 13.5 million kilograms (Lau et al., 2000). Not only has the quantity
of turtles increased, but the number of species seen in the market as well. From 1993-

1994, 58 species were found in Hong Kong markets whereas four years later from 19981999, 84 species were observed—a 30% increase (Lau et al, 2000).
In contrast to Southern China, most Taiwanese do not eat hardshell turtles
because of religious beliefs (Chen et at., 2000). Instead, consumption of softshell turtles
and their eggs is very popular. Smaller softshells are preferred, since they have higher
proportions of cartilage and gelatinous skin—the more valuable parts (Asian Turtle Trade
Working Group, 2000). From 1992-1998, 228 tons of softshell turtles were exported from
China and Southeast Asia to Taiwan, 51.4% of it from Indonesia (Chen, et at., 2000).
Despite the dislike for hardshell turtles, 958 tons of hardshell bones were imported into
Taiwan in the same time period. These imports were used for the medicine trade to make
turtle jelly for export as opposed to local consumption. What is deceiving about this
figure is that the shell represents 5-20% of the total weight of an individual (TRAFFIC,
2001). In order to calculate the total number of turtles, one must divide the amount by 50200g instead of 1 kg (the average weight of a turtle), inflating the number of individuals.
Although both the plastron and carapace bone are equal in composition, only the plastron
is used in TCM, as a result of tradition, further increasing the number of individuals used
(TRAFFIC, 2001). The turtle shells used are normally byproducts from turtle
consumption, but there have been reports of collecting only the plastron from an
individual and discarding or feeding the remains in crocodile farms (TRAFFIC, 2001).
Due to the furious trade in turtles, many species of Asian turtles and tortoises are
recognized to be endangered by global organizations (CITES and IUCN). The dramatic
increase in the number of turtles listed under CITES and the IUCN Red List reflects the
grave danger turtles are experiencing. Previous to the 1 i th conference in April of 2000,
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CITES recognized 7 Asian species under appendix I and 5 under appendix II. After the
conference, the number more than doubled, with the addition of the genus Cuora (13
species) under appendix II (UNEP-World Conservation Monitoring Centre, 2001;
CITES, 2000). Some conservationists think this is not enough and are lobbying to have
all the turtles of the world under appendix II and most Asian species elevated to appendix
I due to the non-discriminatory nature of the food trade and for look-alike reasons
(TRAFFIC, 2001). To the common consumer, a turtle that even slightly resembles a
prized turtle (such as C. tr?fasciata) will be sold as such and experience high demand as
well. Mirroring appendix II of CITES, the IUCN Red List has more than doubled its
number of worldwide species listed as critically endangered—from 10 in 1996 to 24 in
2000 (Hilton-Taylor, 2000; IUCN Red List, 2000). In addition, of the 90 species of Asian
turtles, 66 are considered threatened (27 listed as endangered and 18 as critically
endangered) with one species (C. yunnanensis) already believed to be extinct (TRAFFIC,
2001; IUCN Red List, 2000). On the national level, every country has legislation
protecting turtles, but enforcement is usually insufficient and is often referred to as a
"paper tiger" (TRAFFIC, 2001). For example, in Hong Kong all wild turtles are legally
protected by the Wild Animals Protection Ordinances. These laws prevent the removal,
collection, destruction, disturbance, and possession of turtles or hunting or trapping
equipment (Lau et al., 2000). If caught, the maximum penalty is HK$ 5,000,000 (US$
62,500) plus two years in jail. Despite the penalties, illegal traps are still found in
protected and unprotected areas in Hong Kong (Ades et al, 2000). This present situation
is most likely due the fact that enforcement is lax and that the rewards are high enough to
take the risk of poaching. For a Vietnamese villager with an average annual income of
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US $200, it is easy to see why he/she would be willing to spend a whole year in the forest
in search of a single turtle that may be worth up to US $1,000 (C. Ofasciata) (Shi &
Parham, 2001; Parham & Shi, 2001).
A proposed solution to the illegal trade of turtles is to impose a tax on turtle
imports to raise money to train and pay a competent customs staff Even so, like drug
smugglers, turtle exporters have ways to circumvent even the most knowledgeable
customs officials (TRAFFIC, 2001). One loophole is to use the trade of a legal product to
cover up for misrepresented or illegally harvested animals (Roman & Bowen, 2000).
Another alternative is to convert illegal species of turtle into turtle jelly. The species
identity of these products is difficult to ascertain, making it an ideal medium to smuggle
illegal turtle goods (Asian Turtle Trade Working Group, 2000). In addition, importers
prefer turtle jelly because it has a high value and low volume and suppliers do not have to
worry about turtles dying in transit. A third alternative to circumvent law enforcement
agencies would be to run shipments through a middleman country that is closer to China
and has relaxed laws. Cambodia and Laos many times run their shipments to Vietnam by
land or boat, which is quickly turned around and shipped to China via road, air, rail, or
ship (Stuart et al., 2000).
Chinese Turtle Farm
Given the high value of turtles and wild supply being unreliable, it is easy to
believe that people would have created farms to breed and raise turtles. But it was not
until recently that westerners verified this information. Most western researchers and
conservationists were unaware of turtle farms until the past few years, although they have
existed in China for some time. In fact, turtle farming is known to have started by at least
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the beginning of the century (Chen et at., 2000). Large and small commercial operations
created to farm the Chinese Softshell Turtle (Pelodiscus sinensis) are known to exist in
Thailand, Malaysia, Indonesia, mainland China, and Taiwan (TRAFFIC, 2001). Although
this species is native to temperate China, turtle farms in tropical areas have been
extremely successful, due to the fact that turtles grow faster and breed more rapidly in
warm climates (TRAFFIC, 2001). Combined, these farms produce approximately 5,0001. 0,000 metric tons per year, which matches and possibly exceeds the numbers of wild
caught softshell turtles (TRAFFIC, 2001). In Taiwan, P. sinensis is heavily farmed, since
it is commercially profitable and demand is local. Native to Taiwan, initial founder stock
of the farms probably came from Taiwan and was supplemented with imports from China
(Chen et al, 2000). From 1920-1.925, softshell turtle farms in Taiwan produced 50,999 kg
of turtles (Chen et at., 2000). In 1994, 1.1 million hatchings were produced and exported
to Hong Kong, Macau, China, and Malaysia and increased more than five-fold to more
than 32.7 million in 1997 (Chen et at. 2000). In addition to softshell turtle farms, there
are many farms in Taiwan which breed hardshell turtles as well. At least five turtle farms
are known of in Southern Taiwan that breed hardshell turtles. Most of these breed Ocadia
sinensis (native to Taiwan) and Trachemys scripta elegans (native to the Eastern United
States) (Chen et at., 2000).
The impact of turtle farms has both negative and positive features. On the
negative end, there is a possibility that imported animals may escape. If there is already a
native population of the same species, genetic mixing may occur. However, if the
escaped species did not originally occur in the area, the ecosystem and native turtle
populations could be affected through disruption of the food web or competition for
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basking and nesting sites. Also, in terms of efficient use of resources, there is a net
protein reduction in producing turtles for food, resulting from the fact that turtles in the
farms are raised on high protein diets (TRAFFIC, 2001). There may, however, be
benefits to turtle farms that have yet to be fully explored. For one, it is hoped that the
farm supply will stabilize market prices and lead to a price ceiling. Resulting from this
would be a decision by hunters whether to continue hunting for the now less valuable
turtles. Eventually the reduced probability of finding a turtle coupled with the lower value
will cause hunters to give up searching (TRAFFIC, 2001). The converse scenario where
wild turtles are more valuable, however, seems to be the current case. The price of a wild
caught turtle in the market is higher than a farmed animal (Chen et al., 2000; TRAFFIC,
2001). In a recent visit to China, a restaurant in Hanghou was found to offer both a wild
and captive bred P. sinensis. Their prices respectively were 268 RMB/500g and 45
RMB/500g. Dr. Haitao Shi is almost certain that this "wild caught" P. sinensis is a fake
because of its price. Because of its rarity in the wild and overproduction in turtle farms,
P. sinensis is an extremely cheap turtle. The flooding of the market has caused the price
two years ago of 30 RMB/hatchling to drop drastically to 1.2 RMB/hatchling (Shi, pers.
comm.). If the turtle found in the restaurant were truly "wild caught", Dr. Shi argues that
it should cost at least fifty times the price of a captive bred individual.
Another possible benefit of the turtle farms (which will be explored in this study)
is the preservation of many species and their genetic diversity. Since breeding stock
consists of an eclectic collection of turtles from various locations, farms essentially house
and preserve several genetic lineages. Because wild turtle populations are extremely
difficult to find, turtle farms may be a source for genetic and ecological studies. In fact,
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some turtle farms may have more individuals of certain species (e.g., Palea
steindachneri) than in known wild populations (Shi & Parham, 2001). One must be wary,
however, of the genetic mixing of populations during breeding, since there are no records
of parents and offspring (hundreds of turtles are placed in the same pool, and breeding
occurs essentially randomly). Granted conditions are not ideal and one must be careful
with the conclusions made, it is currently one of the only reliable sources which to work
with and to collect important baseline data on turtles.
In October of 2001, 1 (along with Dr. Shi Haitao, Ted Papenfuss, Peter Paul van
Dijk, and Jim Parham) was given access into Chinese turtle farms owned by Mr. Chen.
We were able to document much of the contents and inner workings of two of his turtle
farms: one in Tunchang City, Hainan Province and the other in Guangzhou City,
Guangdong Province. The Guangdong farm was established first in 1978, and a breeding
stock of wild individuals was used. The farm in Tunchang was later established in 1983
with breeding stock of Cuora tiVasciata, Mauremys mutica, and Ocadia sinensis from
the wild and from the farm in Guangdong (Parham & Shi, 2001). Because Mr. Chen
personally manages the Tunchang farm, we were able to explore this farm more
carefully, and it is this farm that I will focus on for a description as well as for this
proposed study.
The Tunchang farm consisted of two indoor enclosures and one outdoor
enclosure. Each of the two indoor enclosures consisted of approximately 10 rooms. The
rooms varied in size and shape, but in general had the dimensions 10 ft x10 ft x12 ft.
These rooms, used for breeding, had many cement pools filled with about one to two feet
of water and had a single ramp leading to a dry, sandy pit for egg laying. In a single room
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with three cement pools, a count of individuals in the room was approximately 300. Other
rooms had rows of cages and/or troughs, usually for juveniles and sub-adults. Also, along
the hallways throughout the building were plastic buckets and tubs filled with hatchlings.
The bathtub was even filled with water and housed two large P. steindachneri
approximately 40 cm in length. Essentially all available space was converted to turtle
storage. For security purposes all doors and cages were locked, along with two guard
dogs on leash in the hallways.
The indoor enclosures were biased heavily toward two species of turtle: C.
trifasciata and M mutica. The reason for this was value, ease of breeding, and
hybridization. C. Ofasciata are extremely valuable, with the price for a single individual
(approximately 1 kg in weight) reaching 6,000-8,000 yuan (—US$ 1,000) (Parham & Shi,
2001). Although the price for a single M mutica is only about 100-120 yuan (US$ 15),
they reach high numbers in the indoor enclosures because they are extremely easy to
breed. Another reason to breed these two species together is because of their ability to
hybridize. Mr. Chen reports that hybridization is common and oftentimes intentional.
This is because of the demand for rare and unusual turtles along with the fact that these
hybrids can be sold as pure C Ofasciata. In fact, this C. Ofasciata x M mutica hybrid is
suspected to be the origin of the newly described species, Mauremys iversoni (Fritz,
1995; Parham & Shi, 2001; Parham et al., 2001). An olive or yellow head, a rounded end
of the anterior lobe of the plastron, and red coloration on the underside of the limbs are
all characteristics that are used to differentiate M mutica from M iversoni (Parham &
Shi, 2001). Oddly enough, all three of these characteristics are also used to identify C.
Ofasciata. The alignment of the sulcus in M iversoni is also intermediate between M
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mutica and C. tr4asciata (Parham & Shi, 2001). These facts, combined with several
genetic studies, point towards a hybrid origin of M iversoni (Parham & Shi, 2001;
Parham et al., 2001; Honda & Ota, 2001). M iversoni, however, may not be an isolated
case. Many of the newly described species (Mauremys pritchardi, Sacalia pseudocellata,
Ocadia glyphistoma, and Ocadia phillipeni) are suspected to be hybrids as well (Fritz &
Obst, 1994; Parham et al., 2001).
The outdoor enclosure consisted of approximately 13 breeding ponds averaging
0.4 hectares in size and eight small breeding pools in an indoor annex, totaling
approximately eight hectares (Shi & Parham, 2001). The entire area was surrounded by a
15-foot cement wall topped with broken bottles (the Asian equivalent of barbed wire).
Each of the large breeding pools was bordered with steep walls, preventing the turtles
from escaping. Similar to the indoor pools, a single cement ramp led up to the only dry
spot available—a brick building with a sandy floor for egg laying. Because of the depth
of the water and the amount of aquatic foliage, the number of individuals and species
composition within these pools was difficult to determine.
Overall, of 50 different species Mr. Chen claimed were in the farm, we were able
to find 38. These species ranged from local species to turtles native to the United States,
Australia, and practically every other part of the world. The total number of turtles in the
farm was impossible to count accurately, but we were able to estimate more than 30,000;
over 9,000 M mutica and 1,000 C. Ofasciata. Mr. Chen claimed to have approximately
50,000 individuals in the farm: 30,000 P. sinensis, 8,000 M mutica (3,000 adults, 2,000
juveniles, 3,000 hatchlings), 1,000 C. trifasciata (3000 adults, 200 juveniles, 100
hatchlings), 500 P. steindachneri (300 adults and 200 juveniles and hatchlings), and 150
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0. sinensis (50 adults and 100 juveniles and hatchlings), with the rest being various other
species (Shi & Parham, 2001). Although Mr. Chen's estimate is 20,000 higher than our
estimate, his figure is not outrageous, and may in fact be accurate since we were unable
to explore the outdoor ponds. In addition, the farm in Guangzhou is at least as large as or
even bigger than the Tunchang farm.
Mauremys mutica and Mauremys annamensis
Since its initial description as Emys muticus by Cantor in 1842, Mauremys mutica
has been plagued with confusion, described multiple times as a new species as well as
placed in six different genera (Emys, Clemmys, Damonia, Geoclemys, Cathaiemys, and
Mauremys; see Iverson, 1989). Along with taxonomic confusion came confusion of the
type locality. Chushan (=Zhoushan Island, Zhejiang Province, China) was initially
recorded incorrectly as Canton (=Guangdong Province), a locality approximately 500 km
away (Iverson, 1989). Gray (1844) amended E. muticus to E. mutica and later (Gray,
1855) synonymized it with E. nigricans (now Chinemys nigricans). Later, Gray's student,
Gunther, properly recorded the type locality of E. mutica and concluded that the
synonymy of E. mutica and E. nigricans was incorrect because of differences in inguinal
scute size, plastral blotching patterns, and the relative length of interhumeral and
interpectoral seams (Iverson, 1989). The distinctiveness of these two taxa was later
confirmed by Pope (1935).
In 1903, a new species, Cyclemys annamensis (now Mauremys annamensis) was
described from Vietnam by Siebenrock from a juvenile specimen (Ernst & Barbour,
1989; Iverson, 1992; The EMYSystem, 2002). Bourret (1939) later described a new
genus, Annamemys merkleni, which was later found to be an adult of C. annamensis
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(Savage, 1953). McDowell (1964) synonymized A. annamensis with M mutica, which
was later shown to be incorrect. This was partially due to the fact that M mutica and A.
annamensis are very similar in color pattern and morphology. Iverson & McCord (1989)
hinted at the variability of pigment patterns in M mutica, which was later tested in a
morphometric study (Iverson & McCord, 1994). They found that coloration of M mutica
was clinal, and approached the coloration of M annamensis in northern Vietnam. In the
northeastern part of its range, the skin of M mutica is light grayish-yellow, with no
temporal stripe while in Southeast China (the central part of M mutica 's range) the
population has skin suffused with yellow and a slight yellow temporal stripe. In the
southwestern portion of its range (Vietnam) individuals have darker heads and skin with
a bold temporal stripe and darker plastrons, similar to the uniform dark gray to black
carapace and dark brown to black head with several pairs of yellow stripes of M
annamensis (Ernst & Barbour, 1989; Iverson & McCord, 1994). Morphologically,
although it was seen that M annamensis and M mutica shared similar diagnosable
characteristics, there were several characteristics (size, coloration, morphology) that were
distinct. First, M annamensis is larger than M mutica (258 mm vs. 188 mm, Iverson &
McCord, 1994). Also, M annamensis is sexually dimorphic for size with larger females,
while M mutica males are the same size or larger than females (Iverson & McCord,
1994; Yasukawa et al., 1996). In terms of coloration, M annamensis has a boldly striped
head and neck with a pre- and postorbital stripe connecting at the tip of the snout whereas
M mutica varies in striping that is rarely continuous to the tip of the snout (Iverson &
McCord, 1994; van Dijk, pers. comm.). It is believed much of the morphology of M
annamensis evolved in response to being sympatric with crocodiles (Crocodylus
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porosus). Its moderately tricarnate shell, wider carapace, larger bridge, narrower and
larger gular scutes, short interhumeral seam, and longer interpectoral seam may provide
M annamensis with a larger, stronger shell to deal with increased predation (Iverson &
McCord, 1994; Yasukawa et al., 1996).
When considering the natural distribution of M mutica, one must take into
account the affects of human transport and introduction. Artificial transportation of
animals can produce false biogeographical patterns (Sato & Ota, 1999). Clues to a false
biogeographical pattern may be determined by data from geOlogic activity (Yasukawa et
al., 1996), lack of fossil evidence (Yasukawa & Ota, 1999), lack of evidence in the
literature (Yasukawa & Ota, 1999), and through information from local people
(Takashima, 1940). The information gathered in these areas in total may help elucidate
the distributional history of a species, for which very little is known.
M mutica is the focus for this project for four main reasons: 1) the availability of
known-locality specimens that have been gathered by Shi, Parham, and Papenfuss, 2) M
mutica is the most common geoemydid in the Chinese turtle farms that we visited, 3) Mr.
Chen of the turtle farm claims that individuals from mainland China differ in color
pattern from those from Hainan and Vietnam, mirroring the description by Iverson and
McCord (1994), and 4) M mutica has been suggested to be a species complex. M mutica
is known to occur as far east as the islands of Japan and as far west as Northern Vietnam,
covering approximately 2,400 km. During our survey, we were able to observe the
tremendous morphological variation in M mutica described by Iverson & McCord
(1994). This variable morphology is reflected in the genetic sequence divergence of 6.2%
(Parham et al., 2001) for the ND4 mtDNA gene. The large genetic divergence is based on
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specimens from the eastern and western extremes of the species' range (northern Vietnam
and the type locality from Zhoushan Island, Zhejiang Province, China). Normally,
variation within a species is usually less than 5%, with some well-defined species
differing by only 1.2% (Avise et al, 1992). The geographic distance separating the two is
approximately 1600 km. Nothing genetically is known from the middle of its range. This
has led scientists to believe that the highly variable (genetically and coloration) M. mutica
may in fact constitute multiple species.
Morphometrics Introduction
M mutica has a range that extends over 2,400 kilometers, spanning across several
Asian countries and crossing major bodies of water. Iverson & McCord (1989) described
the tremendous variation in coloration and patterning of the head, skin, and shell of M.
mutica. Iverson & McCord (1994) stated that the northeastern populations tended to be
lighter in coloration and become darker to the south and west in its range, with the
darkest populations occurring in northern Vietnam. Individuals from Vietnam were so
dark that they looked very similar in coloration to M annamensis. The tremendous
variation found in M mutica most probably caused the confusion surrounding this
species and resulted in multiple new species descriptions. M mutica, since its initial
discovery and description by Cantor (1842), has been placed in seven different genera.
Presently M. mutica is recognized as a single species, with a single subspecies (M. mutica
kami), found in the Ryukyu Islands of Japan (Yasukawa et at., 1996). Yasukawa et at.
(1996) described this new subspecies based on differences in morphometrics and
coloration, as well as drawing evidence from geologic husbandry. Several morphometricbased studies have been done on turtles (Renyolds & Seidel, 1983; McCord & Iverson,
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1991; Iverson & McCord, 1994; Yasukawa et al., 1996), other reptiles, (Swain & Foote,
1999; Puorto et al., 2001), amphibians (Brede et al., 2000), and fish (Neff & Smith,
1979) in order to evaluate the inter- and intrapopulational relationships. Many of these
have even used morphometric data to support/refute species status as well as to identify
hybrid individuals. Because of the clinal color variation, it has been speculated that M
mutica is not a single species, but rather a complex of species. The objective in this
portion of the study is to evaluate this claim based on morphometric data.
Molecular Introduction
As is the case with many widespread 'species,' detailed systematic studies have
revealed that the traditional concept of Mauremys mutica encompasses a complex of
populations that differ in morphology and genetics. In the most recent, comprehensive,
systematic revision of M mutica, Iverson & McCord (1994) demonstrated considerable
regional variation in morphology. They especially recognized the distinctiveness of some
Japanese populations that were subsequently described as a distinct subspecies,
Mauremys mutica kami Yasukawa, Iverson, & Ota, 1996. For the rest of M mutica,
Iverson and McCord (1994) noted geographic variation in color, with specimens towards
the southwest end of the range (in Vietnam) tending to have darker coloration contrasting
with brighter head stripes. In this respect, the southwestern populations begin to resemble
Mauremys annamensis (Siebenrock, 1903) from central Vietnam. Whereas specimens
from Hainan are easily distinguishable from Vietnamese specimens because they are not
as dark and from type locality of M mutica by virtue of having a less-oval shell that is
more keeled. Thus, in the southwestern portion of their range, the Tonkin Gulf region,
there are three distinct morphological types. Mauremys annamensis can be distinguished
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from M mutica based on morphometric characters (Iverson & McCord, 1994), but the
most obvious diagnostic characters are the darker coloration, higher-domed shell, brighter
head stripes, and especially, a distinct stripe above the eye that connects above the end of
the nose (Fig. 1). Presently, M annamensis has a range restricted to the lowland east of
the Annamite Mountains (Iverson, 1992), but there is speculation that its range may
extend further south (Le, Hoang, & Le, 2004). The Annamite region is heavily impacted
by turtle harvesting (Hendrie, 2000; Le et al., 2004) and M annamensis is considered one
of the world's top 25 most endangered turtles (Turtle Conservation Fund, 2003).
Mauremys annamensis and M mutica form a monophyletic group exclusive of other
Mauremys species (Bath et at., 2004; Feldman & Parham, 2004; Spinks et at., 2004). In
this study we will use the name Cathaiemys Lindholm, 1931 to refer to this clade
following the suggestion of Barth et at. (2004). We use Cathaiemys as a subgenus of an
expanded Mauremys sensu Spinks et at. (2004) and Feldman & Parham (2004).
The first data on the genetic diversity within Cathaiemys were collected in the
context of studying batagurid hybridizations. Parham et at. (2001) revealed a large
sequence divergence of 6.2% in the nad4 mtDNA gene (and some adjacent tRNAs)
between a specimen of M mutica from the type locality in Eastern China (MVZ 230476)
and darker, more annamensis-like, samples purchased from a turtle trader in northern
Vietnam (ROM 25613-14). A 6.2% sequence divergence in that region of the mt genome
exceeds that between many pairs of non-controversial species of turtles (<5%; Feldman
& Parham, 2002; Stuart & Parham, 2004); so Parham et at. (2001) suggested that the
darker samples purchased in Vietnam might represent a different species. Feldman &
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Fig. 1: The upper section is representative members of the subgenus Cathaiemys showing
their diagnostic characters (M annamensis: head—MVZ 238937, carapace/plastron—
MVZ 230462; M `grochovskiae': ROM 25614; M schmackeri: head—MVZ 237108,
carapace/plastron—BF 063; M mutica: head, left carapace/plastron—MVZ 230487,
right carapace/plastron—MVZ 23937, bottom plastron—BF 018). The lower part is a
map showing the approximate ranges of the different ESUs in China and Vietnam
proposed by this study. Black symbols are historic records while white symbols represent
sources of genetic material used in this study. Stars are type localities while the empty
circles represent questionable localities of Cathaiemys in southern China.
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Parham (2004) expanded that data set, including an additional gene (cox/) for the same
samples as studied by Parham et al. (2001). Feldman & Parham (2004) also included
more samples of Cathaiemys, including a sample of M annamensis (MVZ 238937).
Despite the diagnostic eye stripe and other characters, the mtDNA of their M annamensis
sample was nearly identical to the samples purchased in Vietnam that were referred to M
mutica. Feldman & Parham (2004) noted that these northern Vietnamese specimens more
closely resembled M annamensis than M mutica in several features. Thus, the major
genetic breaks within turtles called 'M mutica' do not appear to correspond to the
boundaries shown by accepted species-level taxonomy.

Objectives
This study is designed to address three main objectives. First is to evaluate the
claim that M mutica is in fact a collection of several unidentified species as posited by
Iverson (1989), Iverson & McCord (1994), Yasukawa et al. (1996), and Parham et al.,
(2001). Previous research dealing with this issue dealt with the morphological variation
outlined in Iverson and McCord (1994) as well as the genetic sequence divergence of
6.2% noted by Parham et al. (2001). This topic will be evaluated in more depth with both
molecular and morphometric means. Our comparisons will be based on mitochondrial
DNA sequences (namely the ND4 gene) and the shell morphology of individuals from
four different geographic populations. As in previous studies, the close relative, M
annamensis will be included in the study (Iverson & McCord, 1994).
Coupled with the first objective will be to test the validity of a claim made by the
turtle farm owner that the two color morphs found in the farm are geographically distinct.
Much like the description in Iverson and McCord (1994), the farm owner claims that all
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individuals with grayish heads, brownish carapaces, and bi-colored forelimbs are from
Mainland China, while all individuals from Hainan have dark heads, blackish carapaces,
and all black forelimbs. By using known locality specimens as a framework, we will
determine whether the "Hainan" group and the "Mainland" group cluster together both
genetically and morphologically. In addition, the relationship of M annamensis to M
mutica will be evaluated.
Another purpose of this study will be to evaluate the utility of turtle farms in
conservation. Currently, the role of Chinese turtle farms in conservation efforts are not
yet clear. Shi and Parham, along with myself, are studying the farm's techniques in order
to understand the large scale breeding of rare turtles. Recently, there has been a surge in
the number of newly described species coming from Chinese pet dealers. Some authors
(Parham & Shi, 2001; Parham et al., 2001; Shi & Parham, 2001) have suggested that
hybrids produced in turtle farms may be the source of many of these newly described
species from China. The use of turtle farms in doing research may be problematic
because of no locality data and the intentional and unintentional hybridization occurring
in the farm. However, used correctly, turtle farms may prove to be a valuable resource for
systematics and conservation. For one, the number of turtles in these farms can reach into
the tens of thousands. Secondly, turtle farms serve as a gathering point for turtles from all
over Southeast Asia and the world. In their quest for money, turtle farmers have been
inadvertently preserving the genetic diversity of many Asian turtles. Although all
significant locality data is lost in the case of the turtle farm specimens used in this study,
we can still study the genetic diversity within the species. Important data in the form of
preserved mitochondrial lineages may still exist. Ultimately, we hope to find new
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mtDNA lineages in the farm and to uncover any trends of mtDNA associated with
geography and/or morphology. This research has enormous implications for the
conservation and captive breeding efforts in determining whether a currently recognized
species is in fact valid or a complex of multiple species. The subsequent conservation
measures will be determined by the results.
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CHAPTER TWO
METHODS
Morphometrics Methods Review
This study attempts to compare evolutionary groups of organisms based on
morphological measurements using multivariate techniques (Jolicoeur, 1959). Univariate
and bivariate techniques are inadequate and inefficient in analyzing large data sets with
many variables (Jolicoeur & Mosimann, 1960; Cadrin & Friedland, 1999). McGarigal et
al. (2000) outlined seven advantages of multivariate statistics: 1) reflects more accurately
the true multidimensional, multivariate nature of natural systems, 2) provides a way to
handle large data sets by summarizing the redundancy, 3) provides rules for combining
variables in an optimal way, 4) provides a solution to a kind of multiple comparison
problem by controlling the experiment wise error rate, 5) provides for post-hoc
comparisons which explore the various possible explanations, 6) provides a means of
detecting and quantifying truly multivariate patterns that arise out of the correlational
structure of the variable set, and 7) provides a means of exploring complex data sets.
In choosing the appropriate multivariate analysis, one must consider the type of
variables as well as the objective of the study. All of the variables in this study are
continuous, thus eliminating analyses using categorical variables (such as MANOVA).
The objective of this study is to determine if specimens from different localities can be
distinguished from each other. This can be accomplished through ordination techniques
such as principal components analysis or principal axis factoring. Ordination techniques
quantify interrelationships between large datasets and explain these variables with a

25

smaller set of underlying dimensions (McGarigal et al., 2000). The result is an
organization of the samples along a meaningful continuum.
Such techniques in the field of biology have been given the name morphometrics.
Morphometrics is the fusion of geometry with biology, using multivariate statistics to
compare size and shape of organisms or structures representing different groups
(geographic location, developmental stage, etc.; Bookstein, 1982; Rohlf & Marcus,
1993). There are two subsets of morphometrics: traditional and geometric. Traditional
morphometrics is characterized by the use of multivariate statistics on a set of variables,
which are usually distance measure between landmarks. Geometric morphometrics
describes a set of approaches which is more sophisticated in the data acquisition,
capturing differences through shape deformations and surface profiles, usually in three
dimensions. Regardless of technique, turtles are an ideal organism for morphometric
studies because of their rigid body parts allowing for consistent body measurements
(Jolicoeur & Mosimann, 1960).
Techniques that fail under the category of geometric morphometrics are superior
because the variables retain more information about the specimen, allowing the recovery
of two and three dimensional shape. Traditional morphometrics do not allow this. Use of
traditional morphometrics are not 'wrong', but rather not as powerful since it is not able
to take into account the geometric relationships between measurements (Rolf & Marcus,
1993). As a result, I have chosen to use geometric morphometric analyses for this study.
In morphometrics, there are several issues that must be addressed: homologous
landmarks and separation of size and shape variation. Homology of landmarks is an issue
because homology allows the comparison of data between specimens (Humphries et al,
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1981; Bookstein, 1982; Rohlf & Marcus, 1993). Since turtles have a rigid shell for
measurement, homologous landmarks are more reliably found compared to animals with
soft parts. Because of this, homology is not as much of an issue in turtle morphometrics,
but should still be considered.
Of the two issues in morphometrics, separation of size and shape variation has
been the most controversial. Researchers have found it advantageous to parse out size
variation from shape variation for two reasons—interpretability of size/shape on an
evolutionary basis and removal of allometry. In one of the first morphometrics papers,
Jolicoeur & Mosimann (1960) described size as being environment and age-based, and
shape being less plastic since it is constrained by the "internal constitution of organisms"
as well as having adaptive significance in freshwater turtles for locomotion. This
traditional view of shape being more important in terms of intraspecific variation has
been followed by many authors (Reyment, 1985; Sundberg, 1989) and it has been argued
that shape has a larger genetic component than size (Daly, 1985). However, there are
many authors that counter this "shape only" view. These authors contend that size is not
random noise, but is rather significant. Also, they argue that the rationale behind removal
of size is mathematically (which will be discussed later) and conceptually flawed
(Oxnard, 1978; Atchley, 1983; Jungers, 1984; Shea, 1985; Sundberg, 1989). Atchley
(1983) reasoned that size warrants greater importance due to the fact that body size is
heritable and is a strong determinant of many physiological processes.
Mathematically, there have been many different techniques proposed to remove
size. There has been no consensus on the "correct" or "best" method, and several are
simultaneously being used. Humphries et al. (1981) defines size as factor (not a single
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variable) "which when called upon to predict all the distance measures within a
population, leaves the smallest mean squared residual" and shape as "the geometry of the
organism after information about position, scale, and orientation have been removed".
Three commonly used techniques to remove the size factor are ratios, regression,
and principal components analysis (PCA). Although ratios are quite common in
morphometrics, many authors believe that ratios are not appropriate due to statistical and
conceptual difficulties (Pearson, 1897; Atchley et at., 1976; Atchley & Anderson, 1978;
Humphries et at., 1981; Sundberg, 1989). Ratios are not necessarily independent of the
denominator, which may cause the ratio to behave spuriously due to the correlation. This
problem is not automatically solved by log-transformation. Also, the main goal of ratios
to remove the variance due to size is not necessarily attained (Humphries et at., 1981).
Regression has problems as well. Regression removes the effect of an
independent variable of the dependent variable. But since size is not equal to a single
measurement, regression does not necessarily remove the effect of size. Humphries et at.
(1981) point out that regression based techniques are sample-dependent and not robust.
The only situation when the use of regression is appropriate is when the within-group
slopes are equal, which is highly unlikely (Humphries et at., 1981). Lastly, PCA has been
shown to be ineffective in separating size and shape. In one of the first morphometrics
papers, Jolicoeur & Mosimann (1960) used PCA to analyze the data. From their results,
the first principal component corresponded to a simultaneous increase/decrease of all
variables, and was interpreted as a growth trend. And because PCA, by design, creates
orthogonal axes, the second principal component was defined as size-free shape
variation. Supporting evidence was seen in the trend of some variables increasing while
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others decreased. Many authors have disagreed with this, stating that PCA does not
separate size and shape, but rather size and shape both are incorporated into each
component (Mosimann, 1970; Oxnard, 1978; Humphries et at., 1981; Somers, 1986;
Sundberg, 1989). Mosimann & James (1979) had even pointed out later that labeling
component 1. as size and subsequent components as shape was arbitrary.
Alternative approaches for separating size and shape have been proposed by
Humphries et at. (1981) and Burnaby (1966) (later redescribed in Rohlf & Bookstein
(1987)). Humphries et at. (1981) describes a method in which size correction is
accomplished through shearing. Size is removed from one axis with shear coefficients
derived from the regression of general size on principal components centered by group.
The general size factor is estimated by the principal axis of the within-group covariance
matrix of the log-transformed data. In effect it is a modified principal component solution
that explicitly produces a size component and a shape component. Rohlf & Bookstein
(1987) argue against the shearing method since it assumes that within-group correlations
of the principal components merely express covariances equal and opposite to those
induced by mean size as it varies separately from group to group in shape difference
space. Also, an example based on artificial data showed that sheared principal
components are not necessarily uncorrelated with size. As an alternative, Rohlf &
Bookstein (1987) propose the use of Bumaby's (1966) method. This technique is
geometrically and computationally more simple, and accomplishes the separation of size
and shape by sweeping the effect of one or more irrelevant variables from the data and
then carrying out PCA, DFA, etc. on the adjusted matrix. The resulting axes are based on
variation that is orthogonal to the vectors corresponding to the variables being held
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constant (Rohlf & Bookstein, 1987). More simply stated, this technique uses a
discriminant function constrained to be orthogonal to all the size axes, not just their
central tendency (Humphries et al., 1981). Humphries et al. (1981) argues that Burnaby's
(1966) technique may come to false conclusions depending on the orientation of the size
vector, since the direction of the size factor discrepancy is weighted equally with the
direction of the size vector itself.
However, many of the problems and limitations posed by traditional
morphometrics can be addressed with the use of geometric morphometrics. The first
limitation of traditional morphometrics is that the measurements do not convey any
information on geometric structure or spatial arrangement. The length, width, and depth
measurements of traditional morphometrics results in a spreadsheet of abstract numbers,
and give no information on how these measurements are related to one another. Many of
these measurements may overlap, run in similar directions, and radiate from a single
point, resulting in non-independence of the data (Zelditch et al., 2004). With a
comparable amount of effort, landmarks can be identified and digitized, providing the
same measurement data along with preserving information on spatial arrangement and
shape. In addition, with geometric morphometric analysis, the analyses automatically
separate size and shape. Kendall (1977) proposed a more fitting definition of shape as
"all the geometric information that remains when location, scale, and rotational effects
are filtered out from an object." To compare specimens, geometric morphometric
software automatically moves, re-scales, and rotates the landmarks resulting in a
separation of size and shape. In geometric morphometrics, size is calculated via the
centroid size (the center of the form in question). Centroid size is the only measure of
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size that is mathematically independent of shape (Zelditch et al., 2004), although it still
may be correlated with shape. Another appealing aspect of geometric morphometrics is
that it utilizes many of the same statistical methods (such as principle components
analysis and discriminant function analysis) used for traditional morphometric
techniques.
Geometric morphometrics, however, does have some limitations. The first is the
analysis of shape, more specifically curvature. This is a problem for both geometric and
traditional morphometrics, since landmarks and line segments connecting them cannot
capture shapes that are curved. However, this limitation may be short-term, since
methods are currently being developed for such issues (Zelditch et al., 2004). The second
constraint of geometric morphometrics is the restriction to two dimensions. While
traditional morphometrics can take measurements in different planes in three dimensions,
this is an obstacle for geometric morphometrics. The difficulties do not lie in the
mathematical and statistical analyses, but rather in the collection and depiction of the
data: equipment for 3D data collection is expensive and time consuming to use and two
dimensions must be used to illustrate the data when published in journals (Zelditch et al.,
2004). In fact, traditional morphometrics does not solve the problem, but rather avoids it
since the data collected is not truly in 3D (each measurement has no relational data to the
next). Although geometric morphometrics poses some obstacles I chose it for my analysis
because much more data can be extracted, analyzed, and preserved compared to
traditional morphometric techniques.
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Morphometric Methods
For the geometric morphometric analysis, a total of 20 specimens were used. Not
all specimens in the molecular analysis were used (due to the fact that there was no scale
bar in the photograph) and two specimens of M annamensis not used in the molecular
analysis were used (museum specimens). These two M annamensis were included
because they are historically collected specimens (1939: CAS-SU 9142 & 1948: MNHN
1948-39). Since all of our M annamensis specimens for this morphometric study were
from a turtle farm, it was unclear if we were dealing with pure M annamensis or hybrids.
Inclusion of these museum specimens gave an internal check to verify if our farm
specimens were "annamensis-like". Geometric morphometric analyses were carried out
following Zelditch et al. (2004). Photographs of specimens in this study were taken with
a digital camera and include a scale bar. For each photograph the turtle and camera were
leveled with a circular level to ensure that the final photograph was not distorted. A total
of 21 points were digitized for the plastron of each specimen (19 landmarks and 2 for the
scale bar) using tpsDig2 (Rohlf, 2004). Since our points were bilaterally symmetric,
BigFix6 (Sheets, 2001-2005) was used to reduce the number of landmarks to 13. To test
whether there is a correlation between size and shape, Regress6k was run regressing
against the log of the centroid size and the smallest three specimens as a reference.
Because there was a significant correlation between size and shape, Standard6 was used
to remove the effect of size on the dataset. Next, CoordGen6f (Sheets, 2001-2005) was
run to calculate shape coordinates, which were then used in TwoGroup6h (Sheets, 20012005) and PCAgen6n (Sheets, 2001-2005) to test to see whether field-collected museum
M annamensis were significantly different from farm M annamensis. Within
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TwoGroup6h (Sheets, 2001-2005), Goodall's F test was run along with a partial
Procrustes based bootstrap distance between means of all groups (900 bootstraps).
Molecular Methods Review
In reviewing the methods for molecular systematics, there are two main areas:
choosing a molecular marker and selecting an analytical method for phylogenetic
reconstruction from the data.
Choosing an appropriate molecular marker is an important and sometimes
overlooked task. The first division comes in choosing DNA vs. proteins. DNA holds
several advantages over proteins in that 1) one is observing the genotype instead of the
phenotype; 2) one can choose an appropriate sequence of DNA that will match the rate
and mode of evolution (Moritz & Hillis, 1996); 3) the methods can be used for most
types of DNA data; and 4) DNA can be obtained from small amounts of tissue. There are
several different techniques to assess the variability in DNA. DNA-DNA hybridization
takes advantage of the double-stranded nature of DNA. When double-stranded DNA is
heated to 100°C, hydrogen bonds are broken. When cooled, the single strands of DNA
reassociate at a speed relative to the amount of base pair mismatch. As a result, DNADNA hybridization estimates the amount of sequence divergence between genomes
(Werman, Springer, & Britten, 1996). Some limitations of DNA-DNA hybridization
include 1) data is in the form of distance and direct sequences cannot be recovered; 2)
DNA must be single-copy; 3) large differences in size (i.e. due to insertions and
deletions) of the fraction of the genome in question may affect results; 4) large amounts
of DNA are necessary for comparison; and 5) hybridization techniques are relatively
expensive.
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The alternative to hybridization is to compare DNA sequences themselves. This
technique can be further subdivided into methods that analyze sequence variation
indirectly or directly. Indirect methods, such as microsatellites, restriction fragment
length polymorphisms, and randomly amplified polymorphic DNA, utilize gel
electrophoresis to look for differences in number, size, or conformation (Dowling et at.,
1996). Direct methods of DNA analysis comprises of DNA sequencing. By far the most
popular method, this technique results in high information content and retention. Distance
data (as in hybridization) as well as discrete character data are obtained. This technique is
appealing because the methods are relatively easy to perform, mode of sequence
evolution is relatively easy to model, and the potential size of datasets is tremendous (i.e.
whole genomes), as well as the fact that there is a large database of sequences that one
can compare his/her data to (Hillis et at., 1996).
When deciding to directly sequence DNA, one must choose the appropriate
portion of the genome to match the question at hand. This is because different parts of the
genome show different levels of variation and rates of evolution, resulting from
constraints of structure and function combined with mutation (Hillis et at., 1996). For
example, if the study was investigating differences at the populational level, one would
choose a more quickly evolving gene, whereas if the evolutionary relationship in question
was deeper, a more conserved gene would be chosen.
Because of the advantages of direct DNA sequencing as well as making my study
comparable to previous studies (Parham et at., 2001; Feldman & Parham, 2004; Stuart &
Parham, 2004), I have chosen this technique, namely sequencing the ND4 gene and
associated tRNAs. Mitochondrial DNA (mtDNA) is maternally inherited (except in a few
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rare cases) and does not recombine, resulting in all genes sharing the same pattern of
common descent (Wilson et at., 1985). The tendency for interpopulational variation to be
greater than intrapopulational allows mtDNA to be used to estimate phylogenies of
populations (Bermingham & Avise, 1986; Bowen et at., 1989; Moritz & Heideman,
1993; Moritz et at., 1993). Also, in combination with geographic locality data, mtDNA
can give insight to the genetic structuring of populations, termed phylogeography (Avise
et al. 1987).
However, there are some disadvantages to mtDNA, resulting from the unique
characteristics of mtDNA. The lack of recombination results in more variable estimates
of gene diversity than comparable estimates from several nuclear loci (Dowling et at.,
1996), possibly resulting in nonconcordant trees. Despite these disadvantages of using
mtDNA, they are relatively few and are outweighed by the advantages.
With the molecular marker selected, the next important step is to select a
technique to analyze the data and infer a phylogeny. Regardless of the method selected, a
phylogeny is a hypothesis of evolutionary relationships which is estimated based on
incomplete data. The ultimate goal is to use a set of criteria to select one or two "best"
trees from all the possibilities. There are two ways of accomplishing this. The first is to
define an algorithm and the second is to define criteria. Algorithmic methods include
methods such as Unweighted Pair Group Method with Arithmetic Mean (UPGMA) and
neighbor joining (NJ) while criterion based methods include maximum parsimony (MP),
maximum likelihood (ML), and Bayesian inference (B1). Although there are many more
methods, these are the major techniques and discussion will be limited to these five.
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UPGMA is a clustering method initially created to build taxonomic phenograms
(Sokal & Sneath, 1963), has been used to construct phylogenies as well. It employs a
sequential clustering algorithm, in which local topological relationships are identified in
order of similarity, and the phylogenetic tree is built in a stepwise manner. An
assumption of UPGMA is that evolutionary rates are the same in all lineages, which leads
to problems. If lineages evolve in a non-clocklike fashion, UPGMA can give misleading
results (Felsenstein, 2004).
Another clustering method is NJ (Saitou & Nei, 1987). Instead of assuming equal
rates of evolution, NJ approximates the minimum amount of evolution. This technique is
fast and is guaranteed to recover the true tree if the distance matrix is an exact reflection
of the tree (Felsenstein, 2004). However, when used with bootstrap methods, NJ can
produce groupings with strong support when there is none (Farris et al., 1996), especially
when the sequences are short or the taxa in question are closely related (Takezaki, 1998).
An advantage of this method is that it is fast, while a disadvantage is that the selected tree
has no model of evolution.
The next set of methods are criteria-driven (MP, ML, BI). Within these methods,
there are two steps to the analysis. The first step is to define an optimality criterion for
evaluating a tree. Based on the criterion, a score is assigned to each tree to allow
comparison to other trees. This first step is where evolutionary assumptions are made.
The second step is to use specific algorithms for computing the value of the function and
to find the tree that has the highest value according to the criterion. Although algorithms
are used in these methods, they are used in a different way. In the criterion based method,
the algorithm is used as a tool in evaluating and optimizing the function, while in
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algorithmic methods, it is the algorithm that defines the tree selection (Swofford et at.,
1996). Although much more time consuming compared to algorithm based methods,
criteria based methods hold an advantage in that a score is assigned to every tree
examined. Each tree can be compared to the next, while algorithm based methods give no
information on the strength of support (Swofford et at., 1996).
MP methods infer phylogenies by selecting the shortest tree, or in other words,
needing the fewest number of evolutionary steps. In the case of DNA sequence data, MP
would minimize the number of base substitutions. Advantages to this approach are that it
is a cladistic method based on synapomorphies and evaluates multiple trees. However,
there are several disadvantages to this approach. First, is that MP is susceptible to
saturation (multiple changes at a given site) can give misleading results, resulting in long
branch attraction (a tendency for the two taxa on the longest branches of a phylogeny
artificially made to seem closely related). Also, Felsenstein (1978) showed that
parsimony methods can be inconsistent in estimating the trifle phylogeny. Such situations
have been said to be in the Felsenstein Zone of inconsistency. In addition, MP is
completely determined by the minimum number of mutations as well as the fact that MP
fails to account that the number of changes is probably unequal on all branches of the tree
(Holder & Lewis, 2003). Despite the setbacks, MP has been shown to perform relatively
accurately when there is little convergence and/or a large sample size is used (Holder &
1
Lewis, 2003).
ML methods ask the question, "given this tree, how likely is the observed data?"
ML evaluates the probability that the chosen evolutionary model will have generated the
observed DNA sequences. The tree with the highest probability (likelihood) is the best
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tree under a given model. ML can accurately reconstruct relationships between sequences
that have been separated for a long time or are evolving rapidly, since it can correct for
saturation at any given site (Holder & Lewis, 2003). Cavalli-Sforza & Edwards (1967)
were the first researchers to use a ML method, but it was not until 1981 (Felsenstein,
1981) that this technique was used on DNA sequences. One of the first steps is to specify
a model of evolution that accounts for the conversion of one sequence to another. Some
key concepts that come into play are time-reversibility and Markov models. Timereversible models state that the likelihood of a tree is independent of the location of the
root, while Markov models are those that assume the probability of change at a given site
is independent of its past history (Felsenstein, 1981). These models specify two
parameters, the rates of substitution from one base to another and the base frequencies.
Some common models are Jukes & Cantor (1969) [equal base frequencies and
substitution rates], Kimura (1980) two-parameter model [equal base frequencies,
different rates for transitions and tranversions]. One advantage of ML is that a model is
explicitly stated and hypotheses are easily formulated and tested (Hulsenbeck, 1997).
Disadvantages of ML are that the results become biased and misleading when rates of
evolution are heterogeneous (Kolaczkowski & Thorton, 2004) and long computational
time with large datasets.
A weakness of both MP and ML is that it only gives a point estimate of the
phylogeny, since the result is a single best or group of best trees. There is no statistical
support behind the result. The traditional way to deal with this is to bootstrap your data
(Efron, 1979; Felsenstein, 1985). Bootstrapping produces pseudo-replicates by randomly
re-sampling the data with replacements. Next a tree is built with each pseudo-replicate,
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giving a measure of the strengths of the relationships. These proportions also help predict
whether additional data collection would give the same results. Therefore, high
bootstraps are necessary but not sufficient for high confidetice in a group (Holder &
Lewis, 2003).
The third major method in inferring a phylogeny is B1. B1 is very similar to ML
except that BI uses a prior distribution of the tree. Using a prior distribution allows one to
interpret the results as a distribution of trees given the data (Felsenstein, 2004). BI turns a
prior distribution into a posterior distribution. In other words, BI computes the
probabilities of different hypotheses (trees) given the data. ayesian methods in statistics
go as far back as 1790, but has only recently been applied to phylogenetics with Markov
chain Monte Carlo (MCMC) methods. MCMC methods in OI draw a random sample
from the posterior distribution of trees, which makes it possible to make probability
statements about the true tree (Felsenstein, 2004). Usually, oI ne tries to specify a prior that
is uninformative, so the differences in the posterior probability are attributable to
differences in the likelihood. This is called a uniform or flat prior. An advantage to this
method is that, like ML, it is model based, but requires muth less computational time. In
addition, a mixed-model approach can be applied, where different parts of the dataset
which evolve differently are analyzed in different ways, allowing for more complex
models of sequence evolution to be tested (Holder & Lewis, 2003). The disadvantages
and controversy behind BI lies in the prior distribution. First, many people cannot agree
on the appropriate prior to use, if there is one at all. Also, there seems to be difficulties in
finding uninformative priors (Yang & Rannala, 1997).
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Because of the controversy behind phylogenetic methods, I have chosen to
perform all three criterion-based methods (MP, ML, BI). With a relatively small dataset,
the issues of long computational time were avoided with ML.
Molecular Methods
My sampling includes those samples sequenced by Parham et al. (2001) and
Feldman & Parham (2004) (Appendix A). These two studies had a single field-collected,
known-locality specimen (from Zhoushan Island, Zhejiang Province, China) while also
including samples purchased from a trader in Vietnam. My study adds two additional
known-locality specimens from Hainan Province (Wanling, Qiongzhong County).
In addition to these known-locality specimens, I have added eight individuals of
M annamensis confiscated from an illegal shipment out of Vietnam as well as 13
individuals from a turtle farm on Hainan (profiled by Shi & Parham, 2001 and Parham &
Shi, 2001). Through decades of experience, the turtle farmer claimed that he could
distinguish the origin of the M mutica in his farm based on coloration. According to the
turtle farmer, individuals from mainland China are generally lighter in coloration with a
brownish, smooth carapace, limbs dark on top and light underneath, and a relatively
unmarked plastron; individuals from Hainan have darker, more keeled carapaces, darker
limbs, and a more spotted plastron; those from Vietnam generally darker all over; and M
annamensis black with a bright yellow temporal stripe connecting at the tip of the nose.
In general, the farmer's categorization of specimens matched the geographic distribution
of morphologies reported by Iverson & McCord (1994). While classifying Hainan and
Mainland China M mutica specimens, the characters the turtle farmer described were
clear. However, when describing the characters from Vietnam, the characters were less
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clear, and so we conservatively consider the classification of these individuals suspect.
Characters such as darker plastron and more spotting on the plastron did not hold for all
the individuals classified as 'Vietnam' and so I suspect this label was merely put on hardto-identify individuals, possibly hybrids.
It is important to note that there is generally no segregation of turtles in the farm
and so the breeding groups of M mutica comprise turtles collected from throughout its
range. Given that even distantly-related batagurid genera hybridize readily in captivity
(Parham et al., 2001; Parham & Shi, 2001; Buskirk, Parham, & Feldman, 2005), it is
quite likely that closely-related members of the subgenus Cathaiemys can interbreed.
Consequently, there is no way to easily know if any of the samples studied here are wild
caught, the progeny of sympatric turtles, or else the descendants of turtles from different
regions. Beyond greatly diminishing the potential conservation value of turtle farms, this
mixing of lineages creates problems relating to the identification of farmed samples.
Despite these serious caveats about using farm samples for assigning haplotypes to
geographic regions, they can be used to give an estimate of the minimum number of
mitochondrial haplotypes within the complex, since segregating of lineages would only
eliminate haplotypes.
For the genetic analyses, 10 of the total samples (including outgroups) are from
preserved, whole-body museum specimens and 21 are vouchered using digital images
(Appendix A). The 21 digitally-vouchered specimens are a combination of farm, illegal
trade seizures, and wild-caught specimens that are either living in the care of the turtle
farmer, Cuc Phuong National Park Turtle Conservation Center in Ninh Binh Province,
Vietnam or Shi Haitao at Hainan Normal University, respectively. All tissues and their
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associated digital vouchers used in this study are deposited in the Museum of Vertebrate
Zoology at the University of California, Berkeley.
If not frozen in liquid nitrogen, tissue samples in the form of liver or tail tips were
stored in 95% ethanol. Total genomic DNA was extracted via a Qiagen DNeasy Tissue
Kit following the protocol included in the kit (Qiagen #69504). PCR was performed with
primers from Stuart and Parham (2004): L-ND4 (5'-GTAGAAGCCCCAATCGCAG-3')
and H-Leu (5'-ATTACTTTTACTTGGATTTGCACCA-3'). An 892 bp fragment of
mtDNA consisting of sequencing encoding for the NADH dehydrogenase subunit 4
(ND4) gene, tRNA histidine (His), tRNA serine (Ser), and part of tRNA leucine (Leu)
was amplified. PCR reactions were performed with a TaKaRa LA Taq kit (Takara Bio
Inc. #RROO2M) and were run at 94°C for 2 min, followed by 30 cycles (94°C for 30 s,
45-55°C for 50 s, 72°C for 90 s), followed by 72°C for 7 min. All reactions were run with
a negative control (all reagents with no template DNA) to detect possible contamination.
PCR products were then run on a 1% Agarose/TAE gel stained with ethidium bromide
and visualized under UV light. Samples containing the appropriate sized bands were then
purified using the QIAquick PCR Purification Kit (Qiagen #28104). After purification,
the samples were run alongside Low DNA Mass Ladder (Irivitrogen # 10068-013) to
1

estimate the DNA concentration. Samples were then sent to the University of California,
Berkeley DNA sequencing facility (http://mcb.berkeley.edu/barkerkinaseq/home.html)
for sequencing using the PCR primers (L-ND4 and H-Leu) along with additional internal
primers (L-ND4int: 5'-ACCCATACACGAGAACATCTACT-3' and H-ND4int: 5'GGTTAGCTCTCCTATTAGGTTGAT-3') (Stuart & Parham, 2004). Sequences were
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then aligned with Sequencher ver. 4.2 as well as translated into amino acids for the
protein-coding region to make sure there were no erroneous stop codons within the gene.
Phylogenies were reconstructed using maximum parsimony (MP) and maximum
likelihood (ML) methods as implemented in PAUP* ver 4.0b10 (Swofford, 1998) and
Bayesian analysis using MrBayes v.3.0b4 (Hulsenbeck & Ronquist, 2001). Based on
previous molecular studies (Parham et al., 2001; Stuart & Parham, 2004), Cuora
galbin?frons (Bourret, 1939), Mauremys caspica (Gmelin, 1774), Mauremys nigricans
(Gray, 1834), and Mauremys reevesii (Gray, 1831) were used as outgroups. Maximum
parsimony was conducted using a branch and bound algorithm, with transitions and
transversions weighted equally for 1000 random addition replicates and 100
pseudoreplicates. As in Stuart and Parham (2004), the performed analyses were
unweighted since the third codon position transitions accumulated in a linear fashion and
showed no indication of a saturated data set. Internal support for nodes was assessed
using nonparametric bootstrap analysis (Felsenstein, 1985). Bootstrap analysis was
assessed using 1000 bootstrap replicates with 100 random addition sequence replicates.
For ML analyses, Modeltest 3.5 (Posada & Crandall, 1998) was used to infer the
model of sequence evolution. Analyses were initially performed with 1000 random
addition replicates with stepwise addition of taxa and tree bisectional-reconnection (TBR)
branch swapping. Two trees resulted and analyses were rerun in a successiveapproximations approach until the parameters stabilized (Sullivan et al., 2005).
Bootstraps were calculated with 500 replicates with stepwise addition and TBR branch
swapping.
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For Bayesian analysis, we partitioned the dataset into st codon position, 2'
codon position, 3rd codon position, and tRNA (Brandley et al., 2005; Leache & Reeder,
2002). Models were selected for each partition using MrModelTest v.2 (Nylander, 2004).
Searches were run using four chains, 4 million generations, and sampling every 1000th
tree. Burn-in was estimated by plotting the tree log-likelihood scores against the
generation. The analysis was run twice with random starting trees and the results were
compared.
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CHAPTER THREE
RESULTS
Morphometric Results
Our first step was to determine if there is a linear relationship between size and
shape. Instead of running a multivariate analysis to assess the fit of the regression model,
we used a method of looking at the correlation between size and Procrustes distance from
the smallest specimens in the dataset and found an almost significant correlation
(correlation coefficient= 0.3607, p=0.0596). Although this is a less precise method, we
were restricted to this analysis due to our small sample size. These results, although it
does not guarantee it, suggests a linear relationship between size and shape. While we
standardized the data for size effects, the results of our analyses did not change. In
determining the distinctiveness of groups, two things need to be taken into consideration:
statistical significance and the magnitude of the difference. Although we are limited by
the small sample size, our morphometric analyses of these samples suggest that our farm
annamensis are statistically distinct morphometrically from SW mutica via principle
components analysis (Fig. 2) and statistical measures (Goodall's F=4.1, df=22.0, 352.0,
p=6.38x10-9). The change in shape from mutica to annamensis is illustrated with a vector
diagram (Fig. 3), with mutica being longer and annamensis being rounder. The
magnitude of the difference was determined by calculating the partial Procrustes based
distance between means (partial P. distance= 0.0462, 95% range: 0.037-0.0637, SE in P.
distance= 0.0069). Also, our farm annamensis were statistically indistinguishable
morphologically from field-collected annamensis (Goodall's F=0.49, df=22.0, 88.0,
p=0.97, distance between means=0.0204), with similar magnitudes of difference
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compared to Mauremys mutica (95% range on the differences mutica vs. farm
annamensis and mutica vs. museum annamensis: -0.0241 to 0.0148). Since this range
includes zero, the distances are not significantly different (Zelditch et al., 2004). These
results give us confidence that our farm annamensis are morphometrically the same as
museum annamensis, reducing, but not eliminating, the possibility of farm hybridization.
However, from our analyses, the three groups of SW mutica were indistinguishable (Fig.
2).
Molecular Results
An 892-bp fragment of mitochondrial DNA including ND4, His, Ser, and Leu
was obtained for all taxa. Products from sequencing produced single peaks and there
were no erroneous stop codons within the protein-coding regions. The average nucleotide
frequencies in the fragment were A= 0.348, C= 0.266, G = 0.134, T= 0.251, showing the
characteristic bias in the light strand of mitochondrial DNA against G (Kocher et al.,
1989).
From the dataset, 179 nucleotides were variable and 117 were parsimonyinformative. Uncorrected pairwise distances within our ingroup ranged from 0 to 7.5%
and ranged from 6.9 to 10.8 % between the ingroup and outgroup. For all of the analyses,
the same tree topology resulted (Fig. 4). Figure 4 is a depiction of the 50% majority rule
consensus tree from the Bayesian analysis. The only differences between the trees from
each analysis were some slight variation in branch length.
The MP analysis resulted in two equally parsimonious trees (length= 255; CI= 0.749; RI=
0.898). For ML, The model HKY + F was chosen with a Ti/Tv ratio = 8.7342, proportion
of invariable sites = 0, gamma distribution shape parameter = 0.1821, and base
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Fig. 2: Principle components analysis plot of PC1 and PC2 of specimens used in
geometric morphometric analysis. Blue x's= farm M annamensis; Black circles—museum
M annamensis; Magenta squares=farm M mutica 'Vietnam'; Red stars—farm M mutica
`Hainan'; Turquoise +'s—farm M mutica 'Mainland'. Each group is outlined with the
smallest area polygon. Rectangles are used to delineate M mutica and M annamensis
(orange and green, respectively).

47

Mauimvs m

0.1

0.

0. 2

0. 3

0. 4

0, 5
0

0.1

0.2

03

0.4

0.5

0.6

0.7

0.8

09

Fig. 3: Vector diagram of the mean shape change from M mutica to M annamensis. The
dots represent V2 of the shell, with the row of horizontal dots being the symmetrical
midline. The dot at the tail of the arrows represents the shape outline of M. mune(' while
the heads of the arrows represent the shape outline of M annamensis. The direction of
the arrow represents the change in position of homologous points from M. mutica to M.
annamensis. Outlines are provided by connecting the appropriate dots (Orange: M.
mutica, Green: M. annamensis).
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frequencies of A= 0.3539, C= 0.2606, G= 0.1337, and T= 0.2518. After the iterative
likelihood approach, the result was a single, stable tree (Likelihood score = 22528.501;
Ti/Tv = 8.756307; Shape: 0.181891). Bayesian analysis was run under the following
models: 1st position—HKY+I+F, 2 nd position—HKY, 3rd position—GTR+I+F, and
tRNA—HKY+I+F. Burn-in occurred after 500 generations, and data from all generations
previous to this were discarded. Both independent Bayesian runs gave essentially
identical likelihood estimates and tree topologies.
The phylogenetic analyses reveal two well-supported clades (Fig. 4). Each
haplotype group has strong support (100% MP bootstrap, ML bootstrap, and posterior
probability) and the pairwise distances between members from each ranged between 6.27.5%. Because one of the clades includes a specimen from the type locality (MVZ
230476), we call this the 'true mutica' clade (Fig. 4). In addition to the topotypic
specimen, this clade also includes every specimen said to be from mainland China by the
turtle farmer. It also includes some specimens said to be from 'Vietnam,' (but see caveat
about the tentativeness of those identifications in the methods section). The greatest
sequence divergence within samples of this true mutica clade is 1.9%, but with only one
known-locality specimen we can not say anything concrete about the provenance of most
of these haplotypes. The second major haplotype clade corresponds to Cathaiemys
specimens collected or purchased in the southwestern part of their range, including
Hainan Island and Vietnam. This clade includes all samples that are morphologically
similar to M annamensis which is said to be from central Vietnam. This southwestern
clade can be divided into the following well-supported subclades based on DNA,
morphology, and distribution: 1) a clade that includes the two known-locality samples
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from Hainan as well as every farm specimen identified as the 'Hainan type,' 2) a clade
that includes two annamensis-like samples from the Chinese turtle farm, two trade
specimens purchased in Vietnam, four annamensis-like samples from trade seizures in
Vietnam, and a Cuora x Mauremys hybrid studied in Parham et at. (2001); and 3) a clade
that consists of two annamensis-like samples from the farm and four annamensis-like
samples from trade seizures from Vietnam.
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Fig. 4: Results of the phylogenetic analysis of known locality and trade specimens of
Mauremys mutica complex turtles showing two major haplotype clades. Trees from the
maximum parsimony (MP), maximum likelihood (ML), and Bayesian analyses had
identical topologies (50% majority rule Bayesian tree is shown). Support values for each
node are given in the following order: MP bootstrap, ML bootstrap, Posterior Probability.
The numbers before each species name correspond to vouchers listed in Appendix A.
Specimens with reliable localities are given in bold.

51

1. Turtle farm, 'VN'

true M. mutica
100/100/100

2. Turtle farm, 'mainland. China'

88/80/100

3. Turtle farm, 'mainland. China'

4. M. mutica, type locality

91/77/95

5. Turtle farm., ' mainland China

79/81/100

6. Tuttle farm., 'VN'

79/72/99
67/$4/101)L

7. TwIle farm,

9. Turtle farm
99/96/100

0. Trade seizure, VN
- 11. Trade seizure, VN

85/84/100

Tv
U111141,111

8. Turtle farm

12. Trade seizure, V N.

southwestern M. 'muticat
or
sthmackeri complex
100/100/100

- 14. Hainan.
15. Turtle farm, 'Hainan'
97/94/100

16. Turtle farm, 'Hainan'

- 17. Hain.a.n.
- 18. Turtle farm., 'Hainan'

78/52/60

59/52
/96
88/87
/100

96/P7177

19. Turte trader, .VN
20. Turtle trader, VN
21. Turtle farm
22. 'Trade seizure, VN
23. Trade seizure, VN
- 24. Turtle farm
• 95. Turtle farm

0.005 changes

66/63/99 - 26. Trade seizure, VN
- 27. 'Trade seizure, VN

52

!4d) VUSiS*psi

- 13. 'frade seizure, VN

CHAPTER FOUR
DISCUSSION
In comparing the geometric morphometric data with the molecular data, one can
immediately see the conflicting results. Geometric morphometrics shows mutica and
annamensis as distinct and the three groups of mutica statistically indistinguishable,
while the molecular data shows four distinct groups, none being a monophyletic
annamensis. These differences may be due to the small sample size as well as the use of
farm-bred specimens. Specimens raised in the farm may develop differently, thus
modifying their morphology, since diet affects shell development (Highfield, 1996).
Because of the uncertainty with the morphometric data, this discussion will focus more
on the molecular data.
With the molecular data, this study seems to further confirm the deep genetic
division and phenotypic variation (i.e. plastron coloration in Fig. 1) between turtles
presently called M mutica (the true mutica and southwestern mutica' mt clades). Getting
a more accurate idea of the geographic distribution of these two nit clades is challenging
because data is missing from the area between northern Vietnam and eastern China is
extremely modified by human activity, and also happens to be the most active area of the
turtle trade. Consequently, wild turtles are almost entirely extirpated from this region.
Although field surveys are encouraged, the chance of finding wild Mauremys in this
region may be remote. Therefore, the extraction of DNA and additional morphological
data from existing museum specimens (e.g., Parham et al., 2004) may be the only way to
unravel the range of these distinct genetic groups. Unfortunately, I have only been able to
locate a few museum specimens (MVZ 23937-8, FU R177) that close the gap between
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eastern China and northern Vietnam. However, the MVZ specimens were purchased
(Gressittt, 1941) and the FU specimen has limited data associated with it, so I cannot be
absolutely sure that these specimens were collected locally from the field. Two other
reported localities (Wuzhou and Guangzhou, from Iverson, [1994]) are cities of intensive,
historic wildlife trade and so localities from these place names can not be considered
valid (Fong et al., 2002).
Concerning the southwestern `mutica' clade, many systematic issues emerge. In
light of the incredibly high sequence divergence between the true M mutica and the
southwestern `mutica,' as well as the fact that the distinctive M annamensis is nested
within the latter, the continued recognition of the southwestern `mutica' as the same
species as true Mauremys mutica is not tenable. In addition to the strong genetic evidence
and potentially large distance between their ranges, the southwestern `mutica' clade can
be diagnosed from M mutica sensu stricto (Appendix B). Consequently, I believe the
taxonomy should reflect their evolutionary relationships (Table 1).
Table 1. Table showing the general distribution, oldest available name, and suggested
Cathaiem s of China and Vietnam.
_
name for each ESU of the subgenus
Suggested name
Oldest available name
Region
Mainland China

Emys mutica Cantor, 1842

M. mutica

Hainan, China

Clemmys schmackeri Boettger, 1894

M schmackeri

north Vietnam

Annamemys grochovskiae Dao, 1957

M ' grochovskiae'

central Vietnam

Cyclemys annamensis Siebenrock, 1903

M annamensis

The oldest name applied to the southwest `mutica' clade is Clemmys schmackeri
Boettger, 1894 (type locality = Hainan), the holotype of which is a juvenile specimen.
Until variation within juveniles is better understood, it will be impossible to test whether
this less than ideal holotype is a nomen dubium. I recommend that the entire
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southwestern mutica' clade, including M annamensis, be referred to as the Mauremys
schmackeri complex. Because M annamensis is so morphologically distinctive I
recommend retaining it as a full species separate from M schmackeri, despite the
uncertainties surrounding the distribution and genetic identity of annamensis-like
specimens. The alternative, to place all M annamensis within M schmackeri, would be
an over-simplification. Under our provisional taxonomy, Hainan individuals can be
unambiguously referred to as Mauremys schmackeri, while all known specimens from
Vietnam should be referred to as Mauremys grochovskiae' (Dao, 1957) or M
annamensis depending on whether they have the diagnostic characters of the latter. A
detailed diagnosis of these groups is in Appendix B. There are residual taxonomic
problems within Vietnamese populations of the M. schmackeri complex that confound a
satisfactory taxonomic solution for M grochovskiae' which is why this name is in
quotes. The main problem is that the two nit haplotype clades from Vietnam do not
correspond to the two morphological groups (' grochovskiae' vs. annamensis). Some
specimens identified as annamensis (Appendix A, Fig. 3, #s 22-27) have haplotype
profiles that are almost identical to our two grochovskiae' samples (#s 19, 20). Three
hypotheses are proposed to explain all or part of these results:
1) Genetic pollution- According to surveys of over 30 Chinese turtle farms by my
colleagues and me, M mutica and M schmackeri are commonly kept with M
annamensis. Given the propensity for interbreeding, there is a high probability of
genetic pollution. The hybridization of Cathaiemys species in the farms may
explain why specimens with the diagnostic characgters of M annamensis (e.g.,
yellow upper temporal stripe) have two different haplotypes, as well as why the

55

haplotype profile of some specimens matches grochovskiae' -like turtles.
However, the origin of some of the annamensis specimens that matched
grochovskiae' was not from farms, but rather from trade seizures in Vietnam.
Since turtle farming is apparently not prevalent in Vietnam, the likelihood that
those samples were anthropogenic hybrids is remote. This hypothesis can be
tested against the sequencing of wild-caught specimens in order to determine if
either of the two haplotypes represents the wild type.
2) Hybrid with Cuora amboinensis- In addition to its non-exclusivity, M
annamensis shows striking morphological similarities to both M grochovskiae'
and Cuora amboinensis (Daudin, 1802) (Appendix B). This situation is evocative
of Mauremys iversoni' Pritchard & McCord 1991, an invalid taxon that was
shown to be a hybrid between Cuora Gray 1855 and Mauremys Gray 1869 based
on its morphological intermediacy as well as its haplotype profiles (Parham et at.,
2001; Wink et at., 2001). The study of M annamensis utilizing field-collected
samples as well as multiple nuclear markers may be necessary to resolve this
issue. However, demonstrating a hybrid origin for M annamensis may prove
more difficult than the case of Mauremys iversoni' because unlike the latter, if
M annamensis has a hybrid origin, it is likely to be ancient. If this ancient hybrid
origin was followed by successive back-crossing with Mauremys, the chance of
Cuora haplotypes persisting until recent times would be greatly diminished.
3) Secondary contact and introgression- Le et at. (2004) propose the Hai Van
Mountains in central Vietnam act as a natural barrier between M annamensis in
the south and M grochovskiae' in the north. The Hai Van Mountains form a
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break between the lowland of northern and southern Vietnam. But Le et at.
(2004) point out that while the mountains are an effective barrier at high sea
levels, contact and introgression between closely related turtles could have
occurred via lowland connections formed during low sea level periods (Voris,
2000). The apparent lack of agreement between the morphological and molecular
data in the Vietnamese samples could be explained if it is accepted that there has
been one or more instances of secondary contact between the two Vietnamese
lineages, while the third, M schmackeri, remained isolated on Hainan Island. The
fact that there are three haplotype subclades within the schmackeri complex and
three morphological types is compelling evidence for a historic tripartite division
of a single earlier lineage.
It is important to emphasize, that none of the scenarios above are mutually exclusive.
When considering hypotheses for heavily-traded turtles that hybridize readily, multiple
explanations may be necessary to account for all of the available data (Parham et at.,
2001). For this reason and the limitations of our trade samples, a definitive taxonomic
solution cannot be provided for the M annamensis and the Vietnamese Cathaiemys
studied here. I can only highlight important issues for future studies.
Aside from the confusion surrounding M annamensis, the data reveal two major
genetic clades of within Cathaiemys (M mutica and the M schmackeri complex). In the
case of the M schmackeri complex, the pattern of distinct clades in the Tonkin Region is
shared by other Tonkin endemics such as the Indochinese box turtle, Cuora galbir4frons
complex (Stuart & Parham, 2004; Shi et at., 2005) two species complexes of primates,
the Hylobates gabriellae Thomas, 1909 complex (Garza & Woodruff, 1992), and the
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Pygathrix nemaeus (Linnaeus, 1771) complex (Nadler, 1997; Roos & Nadler, 2001) This
pattern is also similar to that seen in Owston's civets Chrotogale owstoni (Thomas, 1912)
(Veron et al., 2004) and a gecko, Goniurosaurus luii (Grismer et al., 2002). Each of these
species or species complexes has a distinct northern Vietnam species and a distinct
central Vietnam species from the Annamite Mountains. The M schmackeri complex may
be such a clade of polymorphic species, but with so few known-locality specimens from
Vietnam, a clear pattern cannot yet be adequately demonstrated. Additional field-caught
grochovskiae' and annamensis samples from throughout Vietnam will be required to test
the respective distributions of these two subclades.
From a genetic perspective, the nad4 sequence divergences between the three
subclades (2.2%) of the schmackeri complex are less than that found between most welldefined species of turtles (e.g., within Emydinae sensu Gafney & Meylan, 1988 [Feldman
& Parham, 2002]; most Cuora Gray 1855, Stuart & Parham, [2004]). However mtDNA is
not a consistent measure of speciation as a process. For example, species of the Cuora
tiVasciata (Bell, 1825) complex are only 0.5% different for that same region of the
mitochondrial genome. While the low sequence divergence between the subclades of the
M schmackeri complex (2.2%) is not a strong reason to recognize distinct species-level
entities, combined with the morphological distinctiveness of the M schmackeri complex,
it provides additional support for recognizing this diversity.
For now, I want to highlight these major lineages so that they can be further
studied by systematists and better managed by conservation efforts. Regardless of how
the alpha taxonomy is resolved, this survey shows that there is significant genetic
variation within the subgenus Cathaiemys that should be preserved. Based on their
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genetic and morphological distinctiveness, I propose that Cathaiemys from China and
Vietnam should be managed as at least four Evolutionary Significant Units (Moritz,
1999), with the approximate ranges and provisional names outlined in Figure 1 and
Appendix B.
The discovery of increased diversity means that the conservation status of these
heavily exploited turtles is more dire than previously believed and this requires a
reassessment of conservation priorities. For example, Vietnamese M. grochovskiae' are
likely just as endangered and evolutionarily distinct as M. annamensis. Whereas M.
annamensis is the focus of captive breeding efforts and field surveys, there are no such
efforts for Vietnamese M. grochovskiae' as far as I know.
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CHAPTER FIVE
CONCLUSION
This genetic survey of trade samples of the subgenus Cathaiemys reveals high
levels of sequence divergence. However, clearly resolving systematic issues within this
group is hampered by the trade origin of the bulk of our samples. Nevertheless, by
integrating the genetic data with phenotypic data, it can be shown that the subgenus
Cathaiemys includes two distinct genetic lineages: true Mauremys mutica from eastern
China and the Mauremys schmackeri complex (including M annamensis) from the
Tonkin Gulf region. The difficulty in resolving the alpha taxonomy of the M
grochovskiae7annamensis problem in Vietnam underscores the limitations of the
samples with trade origin and the fact that these turtles are virtually unstudied in the wild.
Despite the fact that some annamensis-like specimens show nearly identical
haplotypes with M grochovskiae' specimens, I do not recommend any change in its
taxonomic or conservation status of M annamensis because I do not know if this pattern
results from natural variation or hybridization in the wild and/or captivity. However,
given the conservation value afforded M annamensis, the Cathaiemys clade as a whole
should be a target of future systematic research. Although M annamensis is the most
distinctive member of Cathaiemys, there is no hard evidence to suggest that it is more
endangered or genetically distinct than other members. of this group (such as M
cgrochovskiae' in northern Vietnam).
Finally, the discovery of deep genetic splits within a widespread turtle is parallel
to the pattern found in another turtle from the Tonkin Gulf region. Stuart and Parham
(2004) found strong evidence that the Indochinese box turtle (Cuora galbir4frons
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complex) was in fact three distinct species. In addition, some of the authors on this paper
are finding similar patterns in other Chinese turtles. The emerging pattern is that, the
more turtles from Asia are studied, the more diversity is discovered. This increased
diversity amplifies the magnitude of the 'Asian Turtle Survival Crisis.' It is already
accepted that many widespread species of Asian turtles are being pushed to the brink of
extinction by unrestrained harvesting (van Dijk et al., 2000). However, if these species
are actually numerous, geographically-restricted species complexes, then the probability
of imminent extinction increases dramatically. To fully understand the scope of this
problem, we must integrate genetic data with distributional data. Thus, while trade
samples can provide some idea about overall haplotype diversity, they can only take us so
far towards this goal. In this regard, this study emphasizes the need for additional field
surveys and studies of historic museum specimens.
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APPENDIX A
SPECIMENS USED IN STUDY
A total of 31 DNA sequences from several different sources were used in this
study. Numbered specimens correspond to those in Figure 2. Nine of the DNA sequences
used in this analysis were obtained from Genbank. Following is, a list of all specimens
used in this study with their voucher number. Photo vouchered pecimens are indicated
with a (*) preceding the scientific name. Outgroups: Cuora galbinO,ons (FMNH
255695), Mauremys caspica (MVZ 234281), Mauremys reevesii (MVZ 236729),
Mauremys nigricans (MVZ 234641). Ingroup: 1) *Mauremys mutica (JJF 026); 2) *M
mutica (JJF 018); 3) *M mutica (JJF 021); 4) M mutica (MVZ 230476); 5) *M mutica
(JJF 013); 6) *M mutica (JJF 023); 7) *M mutica (JJF 025); 8) *M annamensis (BF
043); 9) *M annamensis (JJF 048); 10) *M annamensis (CPNP 15); 11) *M annamensis
(CPNP 11); 12) *M. annamensis (CPNP 13); 13) *M annamensis (CPNP 14); 14) M.
mutica (MVZ 237108); 15) *M mutica (BF 029); 16) *M mutica(JJF 032); 17) *M
mutica (JJF 063) 18) *M mutica (JJF 028); 19) M mutica (ROM 25613); 20) M mutica
(ROM 25614); 21) Mauremys iversoni' (MVZ 230475); 22) *M annamensis (CPNP 2);
23) *M annamensis (CPNP 16); 24) *M annamensis (JJF 041); 25) M annamensis
(MVZ 238937); 26) M annamensis* (CPNP 7); 27) *M annamensis (CPNP 12). 'M
iversoni' is placed in quotes because previous research has shown it to be a humanproduced hybrid (Parham et al., 2001, Wink et at., 2001).
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APPENDIX B
DIAGNOSES OF ESUs
Mauremys mutica (Cantor 1842)—Originally: Emys muticus. Type locality:
Zhoushan Island, Zhejiang Province, China. This species includes populations from
eastern China, Taiwan Island, and the Ryukyu Islands (southernmost Japan). The Ryukyu
populations are recognized as a distinct subspecies, Mauremys mutica kami Yasukawa,
Iverson, & Ota, and there is some additional morphological variation among the rest of
the populations. Mauremys mutica can be distinguished from M annamensis by
numerous facial color patterns. In M mutica, there is no upper temporal stripe or a light
stripe that connects the corner of the mouth to light area under the chin. It is more
difficult to diagnose M mutica from M schmackeri because of the variation within M
mutica. The facial color of some M mutica differs from that of M schmackeri by not
having a light tympanum region. The carapace of M mutica differs from those of the
schmackeri complex by lacking strong keels and from both M annamensis and M
grochovskiae' by being light brown (compared to dark brown/black). The plastron
coloration in M mutica is highly variable and is unreliable in distinguishing it from the
M schmackeri complex. Its limb coloration differs from those of the schmackeri complex
by having a more expanded area of light pigment on the underside of the limbs.
Mauremys schmackeri (Boettger 1894)—Originally: Clemmys schmackeri. Type
locality: Hainan Island/Province, China. This species is apparently restricted to Hainan. It
is closely related to M annamensis and the problematic M grochovskiae' from adjacent
mainland Vietnam. It can be diagnosed from M mutica by the characters listed above. It
can be distinguished from M annamensis and M grochovskiae' by lacking a dark brown
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eye stripe and stripe on the lower beak. In M grochovskiae' (as in some M mutica) the
dark stripe on the lower beak and lower eye stripe join to form a dark spot that extends
backwards to the tympanum, while M schmackeri has a completely light colored
tympanum. It can also be distinguished from these two species by lacking a very dark
brown to nearly black carapace.
Mauremys annamensis (Bourret 1939)—Originally: Cyclemys annamensis.
Type locality: Annam, central Vietnam. This ESU is presumably restricted to the
Annamite Mountains of central Vietnam, although it may be found further south. While
morphologically diagnosable from adjacent M. grochovskiae,' the mitochondrial data
show that the two may be heavily introgressed (although this remains to be tested against
more field-collected samples). It can be distinguished from M mutica and M schmackeri
by the characters given above. It can be diagnosed from M grochovskiae' by having an
upper temporal stripe as well as another light stripe that connects the corner of the mouth
to light area under the chin. Mauremys annamensis also has a higher-domed carapace and
an overall wider shell.
Mauremys `grochovskiae' (Dao 1957)—Originally: Annamemys grochovskiae.
Type locality: Vinh Linh, central Vietnam. Specimens matching the Mauremys
grochovskiae' type have been collected and purchased in northern Vietnam. Although
morphologically diagnosable from adjacent M annamensis, the mitochondrial data show
that the two may be heavily introgressed (although this remains to be tested against more
field-collected samples). This grochovskiae' morphological type can be diagnosed from
other Cathaiemys by the characters listed above.
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APPENDIX C
ADDITIONAL MATERIAL EXAMINED
For this project, additional material to Appendix A was examined but not
sequenced:
1) CAS-SUR 9142, Mauremys annamensis (Holotype of Annamemys merkleni), Fai-Fo,
Annam, Vietnam; 2) FU R177, Mauremys mutica, Shaoguan, Guangdong Province,
China; 3) MNHN 1884-437, Mauremys sp., Saigon, Vietnam; 4) MNHN 6502,
Mauremys sp., Saigon, Vietnam; 5) MNHN 1948-39, Mauremys sp. (annamensis), FaiFo, Annam, Vietnam; 6) MVZ 23937, Mauremys mutica, Kakchiek, Swatow,
Guangdong Prov., China; 7) MVZ 23938, Mauremys mutica; locality: Kakchiek,
Swatow, Guangdong Prov., China; 8) MVZ 230462, Mauremys annamensis; locality:
Dongmen Market, Haikou, Hainan Province, China. The following references provide
images that aided our comparisons: Siebenrock (1903), Bourret (1941), Dao (1957),
Petzold (1963), Iverson & McCord (1994), Yasukawa, Iverson, & Ota (1996).
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