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Abstract

Three geoemydine species, Geoemyda japonica, Mauremys mutica and Cistoclemmys flavomarginata, oc-
cur in the Ryukyu Archipelago, Japan. Of these, G. japonica is restricted to the central Ryukyus, with its
closest relative, G. spengleri, being distantly distributed in southeastern continental China and northern
Indochina. A recent comparative study demonstrated remarkable differences between these speciesin a
number of qualitative characters. The other two species, while confined within the archipelago to its
southern part, also occur in Taiwan and southern continental China. In both species, the Ryukyu popu-
lations are most divergent among conspecific populations. Nevertheless, there were only quantitative
(i.e., statistical) differences in most single characters between the southern Ryukyu and other popula-
tions, and the degrees of their differences are thus substantially lower than that between G. japonica and
G. spengleri. Such a distinct morphological divergence and highly disparate distribution of the G. japorica—
spengleri clade suggest that the ancestor of G. japonica entered into the Ryukyu Archipelago much earlier
than those of M. muties and C. flavomarginata. Taking the recently revised paleogeographical hypothesis
of the Ryukyus into considerations, it is likely that the ancestral G. japonica has been isolated in the
central Ryukyus since the Fliocene. On the other hand, populations of M. mutica and C. flavomarginata in
the southern Ryukyus seem to have been isolated from their conspecific populations in Taiwan and
southeastern continental China since the middle Pleistocene subsidence of land-bridges in these regions.
Recent phylogenetic analyses strongly suggest the monophyly of Geoemyda, Cistoclemmys and Pyxidea.
Of the species included in this clade, the three Geoemyda species exhibit much restricted and highly
isolated distributions. By contrast, ranges of the Cistoclemntys and Pyxider species are much broader, and
include intervening areas of ranges of the three Geoenyda species. Such distributional patterns possibly
reflect a much older origin and relict state of Geoemyda.
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1. Introduction

Five species belonging to four genera of the family Bataguridae are distributed in
Japan (Iverson, 1992; Yasukawa et al., 1992). In the Main-islands, one batagurine turtle,
Chinemys reevesii, and two geoemydine turtles, Mauremys japonica and M. mulica, cur-
rently occur (Iverson, 1992). Of these, however, M. mutica in western Honshu is consid-
ered to have originated through artificial introduction from Taiwan before World War
Il (Section 3; also see Yasukawa et al., 1996). In the Ryukyu Archipelago, three geoemydine
turtles, Geoemyda japonica, M. mutica, and Cistoclemmys flavomarginata occur. Geoemyda
japonica is a relatively recently recognized species endemic to the Okinawa Group of
the central Ryukyus (Yasukawa ef al., 1992), whereas the Ryukyu populations of the
latter two, both confined to the southern part of the archipelago, constitute endemic
subspecies (McCord and Iverson, 1991; Iverson, 1992; Yasukawa et al., 1996).

During the last decade, a few authors studied morphological variation of these spe-
cies and discussed the systematic and biogeographical significance of resultant geo-
graphical patterns (e.g., Ernst and Lovich 1990; Iverson and McCord, 1994; Yasukawa
et al., 1992, 1996). However, none of these authors discussed the phylogeographical
relationship among these and related species.

In this paper, we review the previous systematic analyses for each of the three Ryukyu
geoemydines. We also make additional analyses on the variation of Cistoclemmys
flavomarginata, because two recent studies on this subject yielded controversial results
(Ernst and Lovich 1990; Iverson and McCord, 1994). We then discuss the origin and
history of divergences of the Geoemydinae in the East Asian region by synthesizing
resultant geographic patterns.

2. Variation between Gecemyda japonica and G. spengleri

Distribution of the Ryukyu black-breasted leaf turtle, Geoemyda japonica, is restricted
to Okinawajima, Kumejima, and Tokashikijima Islands of the Okinawa Group, the cen-
tral Ryukyus, whereas that of G. spengleri is confined to southeastern continental China
and northeastern Indochina (Iverson, 1992; Yasukawa ef al., 1992; Yasukawa and Ota, in
press g, b). Stejneger (1907) reported G. japonica as a Japanese population of G. spengleri,
though he noticed that the Ryukyu specimens can be discriminated from those from
the continental China (i.e., G. spengleri sensu stricto) in several characters, such as the
presence of distinct axillary scutes and a differential plastral forinula. Based on
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Stejneger’é accounts, Fan (1931) recognized two subspecies, G. spengleri japonica and G.
s. sinensis, but without designation of the nominotypical subspecies. Pope (1935), after
surveying specimens from continental China, Hainan Island and the Ryukyus, modi-
fied Fan’s classification and defined the Ryukyu and the continental populations as
two subspecies, G. s. japonica and G. s. spengleri, on the basis of the presence and ab-
sence of axillary scutes, respectively. In addition, he suspected that each form actually
deserves the status of full species. However, in the absence of further studies, Pope’s
(1935} taxonomic arrangements were followed by most subsequent authors (e.g.,
Wermuth and Mertens, 1977; Pritchard, 1979; Ernst and Barbour, 1989; Iverson, 1992).
Recently Yasukawa et al. (1992) examined a fairly large number of specimens of both G.
spengleri and G. japonica, and made detailed morphological comparisons between these
two taxa. Because there were actually considerable morphological differences between
these forms, those authors concluded that G. japonica and G. spengleri are separate full
species as below.

2.1. Differences in quantitative characters between Geoemyda japonica and G. spengleri

Yasukawa et al. (1992) made straight line measurements to the nearest 0.1 mm for
the following 31 characters, using calipers: greatest carapace (CL) and plastron lengths
(PL), midline carapace (MCL.) and plastron lengths (MPL), greatest width of carapace
(CW), shell depths between vertebrals 1-2 (SD1-2), 2-3 (SD2-3) and 4-5 (SD4-5), dor-
sal (DBL) and ventral (VBL) bridge lengths, plastral forelobe width (PWA), anterior
width of the plastral hindlobe (PWC), greatest head width (HW), distance between
centers of nostrils (INL), length (CEL} and width of cervical (CEW), greatest widths of
vertebrals 3 (V3W), 4 (VAW) and 5 (V5W), greatest length of vertebral 5 (V5L), length of
vertebral 5 from its anterior margin to the widest position (V5Lm), lengths of pleurals 2
(P2L) and 3 along lateral keel (P3L), greatest lengths of gulars (GL)} and anals (AnL),
length of seam between marginals 12 (M12L), length of seam between pleurals 4 and
vertebral 5 (P4W), and midseam lengths between gulars (G), humerals (H), pectorals
(P), abdominals (Ab), femorals (F) and anals (An).

Significant levels for all analyses were set at 0.05. Since no significant sexual differ-
ences were detected in each species, MCL, INL in relation to HW, and SD4-5, CEL,
CEW, V3W, V5W, GL, P4W, G, Ab, and F in relation to MCL for all adult specimens
were pooled for statistical comparisons of japonica and spengleri. Results of Mann-
Whitney’s U-test revealed that adult MCL is significantly greater in japonica than in
spengleri (P < 0.0001). Results of ANCOVA revealed that slopes of regression lines were
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Figure 1. Two dimensional plots of scores of quantitative characters in base 10 logarithm for Gevemyda
japonica and G. spengleri. A, Internarial length (INL) against greatest head width (HW); B, midseam length
of femorals (F) against midline length of carapace {(MCL). Open circles, male G. faponica; Closed circles,
female G. japonica; Closed squares, male G. spengleri; Open squares, female G. spengleri, Modified from
Fig. 7 in Yasukawa et al.(1992).

significantly different for only INL (P < 0.05: Figure 1A). Of the other characters, how-
ever, all but V3W, V5W, and AB showed significant differences between the two forms
in the position of the regression line (Table 1, Figure 1B).
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Table 1

Allometric comparisons between Geoentyda japonica (J) and G. spengleri (5) for characters showing no
sexual differences within each species. “~”, P > 0.05; “+”, P < 0.05; “++", P < 0.01; and “+++*, P < 0.001.
See text for methods of analyses and character abbreviations. Modified from Table 3 in Yasukawa ef al.

(1992).

Character Interspecific Significance
difference level
MCL S5«<] +++
SD4-5 S<J .
CEL S>] +++
CEW S>] 4+
GL 5<] 4+
V3w S=]J -
VW S5=] -
riw S<J FH+
G 5<] A+t
AB S=] -
F S>] o+

The remaining 19 characters showed significant intersexual differences in one or
both of the two forms. So, male and female values for these characters were compared
separately between japonica and spengleri. Comparisons were made for all the charac-
ters by ANCOVA using MCL as the covarijate. Results of the analyses revealed that
slopes of regression lines did not differ in any measurement in males or females. How-
ever, positions of the lines showed significant interspecific differences in one or both
sexes for all measurements but MPL, CW, PWA, PWC, and V5L (Table 2).

2.2. Differences in qualitative characters between Geoemyda japonica and G. spengleri

Yasukawa et al. (1992) reported remarkable qualitative differences in morphological
characters between japonica and spengleri, that are summarized in Table 3. The presence
or absence of axillary scutes had already been considered as a valid character to sepa-
rate the Japanese and the continental Geoemyda by previous authors {e.g., Stejneger,
1907; Fan, 1931; Pope, 1935; Ernst and Barbour, 1989: see above), and their results sup-
ported this account.

A number of other shell and scute characters also showed distinct differences be-
tween japonica and spengleri. For example, japonica had large pleurals 4 with a promi-

nent keel involved by traces of bony plates. On the other hand, spengleri had very small
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Table 2

Allometric comparisons between Geoemyda japonica (J) and G. spengleri (S) for characters showing sexual
differences in one or both of the species. “~", P > 0.05; “+”, P < 0.05; “++", P <0.01; and “+++", P < 0.001.
See text for methods of analyses and character abbreviations. Modified from Table 4 in Yasukawa et al.

(1992).

Female Male

Character Interspecific Significance Interspecific Significance

difference level difference level
CcL 5=]J - S>]J ++
PL S>] ++ S=] -
MPL 5=] - §=] -
cw 5=]J - s=]J -
S5D1-2 5<] +4+ S«<] ++
SD2-3 S5«<]J +++ S<]J +++
DBL 5=] - 5<] R
VBL S>] +++ 5=] -
PWA 5=] - §=]J -
PWC 5=] - 5=] -
Hw S=]J - S<«] +++
V4w S>] +++ S5=>] +
V5L 5=] - 5=] -
V5Lm 5<] ot S<] e+
P2L S=] - S<j +
P3L 5=] 4t 5=] -
AnL S=] - 5<J +
Mi12L S«]f +++ S<]J +++
H 5=] - 5=] bt
P 5=] - S<J +
An S5<«] +++ S<]J +++

pleurals 4 with no or a very weak keel, and even in the latter case, there were no fraces
of the keel on the bony plates underneath. The pygal reached vertebral 5 in spengleri,
whereas not in japonica. Specimens of spengleri had areolae (embryonic scute areas)
near posterior margins of vertebrals and pleurals, but in japonica, areolae were located
much more central in vertebrals 4 and 5 and pleural 4. Moreover, spengleri had the
interfemoral seam longer than the interanal seam, but relative values of these measure-

ments were opposite in most japonica.
The size and location of external nares were strikingly different between spengleri

Table3
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Comparisons of qualitative characters between Geoenryda japontica and G. spengleri. Modified from Table

5in Yasukawa ef al. (1992).

Character

Geoenyda japonica

Geoemyda spengleri

Cervical scute

Vertebral 5 (V5)

Areolaon V5

Widest vertebral

Pleural 4 (P4)

Areola on P4

Keelon P4

Keels on costals under P4

Pygal

Paired axillary scutes

Paired inguinal scutes

Plastral midseam

Size of external naris (EN)

Relative location of ENs

Large scales on forelimbs

Semispinose scales on thighs
and base of tail

Processus coronoideus

P. pterygoideus externus

T. trochlearis oticum

Vomer under vomer sulcus

Ventrolateral part of maxilla

Triturating surface of mandible

Sexual color differences

Connective tissue under
carapace scutes

small or moderate

widest posteriorly

located medially

V3, V4, 0orV5

as wide as adjacent vertebrals

located medially

prominent

with trace on bony plates

not covered by vertebral 5

present

present

anal > femoral

moderate

closely located

with roundish tip

long, spiny, and often densely
present

prominent

prominent

well developed

not forked at either side

projecting posteriorly

with horizontal surface

absent

whitish and patternless

large

widest medially

located posteriorly

V4

smaller than other pleurals

located posteriorly

weak or absent

without trace on bony plates

covered by vertebral 5

absent

absent

femoral > anal

very small

separated for a distance

with acute tip

short, conical, and sparsely
present

indistinct

indistinct

poorly developed

forked at either side

not projecting posteriorly

without horizontal surface

present

grayish or reddish and with

complicated fleck pattern

and japonica. In spengleri, nares were very small, and were distantly located from each

other near lateral rims of anterior surface of the snout. Specimens of japonica, on the
other hand, had moderate-sized nares, closely located to each other near the center of
the snout. Both of these forms, however, had internal choanae with marked lateral ridges

without papillae or flaps.

Differences were also evident in a number of skeletal characters between japonica
and spengleri. In the former, the processus coronoideus, p. trochlearis oticum, and p.
pterygoideus externus were more developed, whereas elements composing the temporal
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arch, especially the quadratojugal, were less developed when compared with the latter.
The anteroventral portion of the quadrate was slightly concave under the p. trochlearis
oticum in japonica, whereas the corresponding portion in spengleri was slightly convex.
In cryptdiran turtles, the musculiis adductor mandibularis externus is attached to the p.
coronoideus and turns around on the p. trochlearis oticum, and m. pterygoideus pars dorsalis
is attached to the pterygoid along the p. pterygoideus externus (Gaffney and Meylan,
1988). Therefore, the greater development of these three processes in japenica was con-
sidered to be probably asscciated with the greater development of masticatory muscles
in this form. Reduction of the temporal arch and the anteroventral concavity of the
quadrate also enabled the greater development of masticatory muscles.

Sexual color dimorphism was present in spengleri: juveniles and females of this form
had reddish or yellowish iris and light siripes and spots on the brownish or grayish
head and neck, whereas in adult males, the iris became white or light gray, and the
head and neck markings disappeared. In japonica, the iris was reddish or yellowish
brown, or reddish gold, and head and neck had irregular reddish or yellowish lines or
spots on the brown or orange brown ground color in both sexes.

2.3. Phylogenetic relationships of Geoemyda japonica, G. spengleri, and the other

congeneric species

Based on the above-mentioned differences in both quantitative and qualitative char-
acters, Yasukawa et al. (1992) concluded that the two forms, having been considered
merely as conspecific subspecies to that date (see above), should be treated as indepen-
dent species. Nevertheless, results of their comparisons with other apparently closely
related geoemydines strongly supported the monophyly of G. japonica and G. spengleri.
They thus defined the genus Geoemyda as consisting only of japonica and spengleri.

Moll et al. (1986) reassigned Heosemys silvatica, an enigmatic Indian geoemydine
known from a few specimens, to Geoemyda, since this species shares several features,
lacking in other species of Heosemys, with G. japonica and G. spengleri. Recent phyloge-
netic analyses based on morphological characters revealed the monophyly of H. silvatica
and the G. japonica—spengleri clade (Yasukawa, 1997) and their closer affinity to
Cistoclemmys and Pyxidea than to the typical Heosemys, such as H. grandis and H. spinosa

{(Hirayama, 1984; Yasukawa, 1997; Yasukawa ef al., 1992). These results confirm Moll et

al.’s (1986) account, and we now regard silvatica as the third species of Geoemyda.
Recently, McCord et al. (1995) assigned other three geoemydines, Geoentyda yuwonoi,
Heosemys depressa, and H. leytensis, to Geoentyda. In their definition, however, the genus
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Geoemyda suffers paraphyly, with the G. japonica—spengleri clade being monophyletic
with P. mouhotii (Fritz and Obst, 1996). In addition, our preliminary investigations re-
vealed that the taxon-character matrix used for the phylogenetic analysis by McCord et
al. (1995) includes serious errors most likely due to their misinterpretations of a few
skeletal topologies (Yasukawa, Aoki and Hirayama, in prep.). As such, it is obvious
that genetic arrangements of G. yuwonoi, H. depressa, and H. leytensis proposed by McCord
et al. (1995) seriously needs further careful verification, and we thus tentatively regard
at present G. japonica, G. silvatica and G. spengleri as components of Geoermnyda.

3. Geographic variation in Mauremys mutica

The Asian yellow pond turtle, Mauremys mutica, ranges widely from temperate to
tropical East Asia: Kyoto, Shiga and Osaka Prefectures on Honshu, the Main-island of
Japan; Akusekijima Island of the Tokara Group, the northern Ryukyus; Okinawajima,
Sesokojima, Akajima, and Zamamijima Islands of the Okinawa Group, the central
Ryukyus; Miyakojima Island of the Miyako Group, and Ishigakijima, Iriomotejima, and
Yonagunijima Islands of the Yaeyama Group, the southern Ryukyus; Anhui, Fujian,
Guangdong, Guangxi, Hainan, Jiangsu, Taiwan, Yunnan, and Zhejiang Provinces of
eastern and southern China; northern Vietnam (Iverson, 1992; Zhao and Adler, 1993;
Yasukawa ef al., 1996, in press c). Several authors pointed out that M. mutica is highly
variable especially in coloration (BErnst and Barbour, 1989; Iverson, 1992; Iverson and
McCord, 1989). In addition, Iverson and McCord (1994) assumed that the populations
of the Ryukyus deserve a separate subspecific status because of their differences from
Chinese and Vietmamese populations in shell proportion and coloration. However, sizes
of samples they examined were so small that they deferred the taxonomic conclusion.
On the basis of data from much larger samples, Yasukawa et al. (1996) made detailed
analyses of morphometric and colorational variation in M. mutica. Their results con-
firmed the most divergent status of the Yaeyama populations among conspecific popu-
lations. Thus, Yasukawa et al. {1996) described these populations as a separate subspe-
cies, M. m. kami.

Results of recent morphological analyses, as well as literature records and information
from local people, indicate that populations in Honshu, and the Tokara, Okinawa and
Miyako Groups had originated from artificial introductions from Taiwan and the
Yaeyama Group, respectively (Yasukawa, unpublished data; Yasukawa et al., 1996; in
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press c). Besides these, the population of Yonagunijima Island may be also of an artificial
origin (Toyama, personal communication).

3.1. Variation in morphometric characters of Mauremys mutica

In Yasukawa et al. (1996), straight line measurements were taken to the nearest 0.1
mm for the following 16 characters using calipers: greatest carapace length (CL), great-
est carapace width (CW), greatest shell depth (SD), greatest plastron length (PL), great-
est length of the plastral hindlobe (HL), plastral forelobe width (PWA), anterior width
of the plastral hindlobe (PWC), posterior width of plastral hindlobe (PWD), right bridge
length (BL), maximum ventral width across gular scutes (GW), maximum length of
right gular scute {GL), and lengths of right interhumeral (IH), interpectoral (IP),
interabdominal (IAB), interfemoral (IF) and interanal (IAN) seams.

They classified the specimens examined into four major regional samples as follows:
1) the Yaeyama sample, consisting of specimens from Ishigakijima, [riomotejima and
Yonagunijima Islands; 2) the Honshu sample, consisting of specimens from Kyoto and
Shiga Prefectures; 3) the Taiwan sample, consisting of specimens from the Taiwan Main
Island; 4) the continental sample, consisting of specimens from China, including Hainan
Island and northern Vietnam.

All measurements except CL for the univariate test were log-transformed before the
analyses. Because preliminary intersexual comparisons by multivariate analysis of vari-
ance (MANOVA) detected significant variation within each regional sample (P < 0.001),
analyses of variation among samples were conducted separately for males and females.
They made univariate (CL) and multivariate analyses for adult specimens and ANCOVA
and Tukey-like tests for adult and subadult specimens. Variations in CL between sexes
within each regional sample and among males or females from the four major regions
were examined by t-test and Kruskal-Wallis and Dunn’s multiple comparison test, re-
spectively. Results of #-test indicated that CL is significantly greater in males than in
females within the Ryukyu sample (P < 0.01), but does not differ significantly between
sexes within each of the other samples (Figure 2). On the other hand, results of Kruskal-
Wallis and Dunn’s multiple comparison test revealed significant geographic differences
in CL in both males and females (Figure 2, Table 4). In both sexes, CL in the Taiwanese
sample was significantly greater than those in the Yaeyama and the continental samples.
The sample from Honshu showed a significantly greater CL when compared with the
continental samples in males and with the Yaeyama sample in females. No significant
differences were recognized in CL between the other combinations of samples.
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Geographic variation in each of the other measurements exclusive of [H was also
examined by ANCOVA and Tukey-like tests with CL as the covariate. Results of these
tests revealed that in males the slope of regression line for IAB significantly differed
among the four samples, whereas only positions of the lines significantly differed for
CW, SD, PL, HL, BL, GW, GL, IT, IF and IAN. In females, slopes of regression lines
significantly differ for PWA, PWC, PWD, GL, IF, and IAN, whereas only positions of
the lines significantly differ for CW, SD, HL, GW, [AB and IF (Table 4).

In addition, data for all measurements were subjected to the canonical discriminant
analysis (CDA). Standardized coefficients of the 16 measurements calculated for the
first three canonical axes (CANs 1-3) are presented in Table 5, together with eigenval-
ues, differences, and proportions for these axes. Cumulative proportions indicated that
CANSs 1-3 account for the total variation. In both sexes, CANI1 variable was distinctly
smaller in the Yaeyama sample than in the other samples, whereas ranges of its scores
largely overlapped among the latter three samples. CAN2 variable in males was smaller
in the continental sample than in the other three samples, whereas ranges of its scores
largely overlapped among the latter. In females, CAN2 variable was slightly greater in
the Yaeyama and Honshu samples than in the other two samples (Table 5, Figure 3). No
distinct differences were recognized in CAN3 variable among either male or female

200.0
1800 | ) -

p—
£ 1600 [ .

- 140.0 | - 7
o

1200 | - LA

100.0
M F M F M F M F

Yaeyama Honshu Taiwan Continent

Figure 2. Variation in the greatest carapace lengths (CLs) of adult males (M) and females (F) of Maurenys
mutica from Yaeyama, Honshu, Taiwan and the Asian continent. Vertical and horizontal bars and rect-
angles indicate ranges and means of actual values and ranges of single standardized deviations from
means, respectively. Modified from Fig. 2 in Yasukawa et al. (1996).
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Table 4

Allometric comparisons of samples of Matremys mutica from the four major regions; Yaeyama (Y), Honshu
(H), Taiwan (T}, and the continent (C). See text for methods of analyses and character abbreviations: “—",
P=0.05; “+", P <0.05; “++", P < 0.01; “+++”, P < 0001 in Kruskal-Wallis and ANCOVA. Samples sharing
same superscript letters showed no significant differences in Dunn’s multiple comparison test and Tukey-

like test (P > 0.05). Modified from Table 3 in Yasukawa ef al. (1996). ;

Male Female

Variable

slope  position descending order slope position  descending order
CL - T2 Hab ybe ¢ +++  Ta Hab Cbc yc
cwW - ot T2 Ya Hb Cb - 4+ Yab cab Ta b
5D - ot HTacCay - o+t Ha Tab b y
PL - + TaCayaH - -
HL - +++ ya Ta gb b - 4+ Y T2 CabHb
PWA - - - -
PWC - - +++ ca b ye Hd
PWD - - +++ ca b He yd
BL - ++ Ta yab cab pb - -
GW - F— ya Ffa Tab Cb - -+ Ta Ha yab b
GL - - Y Ca Hab Tab ++ ¢a yb rc Hd
1y - - CcaTaHay + ca yb ge 1d
IAB + ya gb cc 1d - + Ha ca yb Tb
IF - +++ Ta ya Ca Hb - +++ Ta Ya Hb Cb
IAN - + Ha yab rab b R ca Tb yc Hd

-

samples. These results strongly suggested that the Yaeyama sample is most divergent
among the four regional samples

3.2. Variation in coloration, scutellation, and osteology of Mauremys mutica

In the Yaeyama sample, color of carapace usually varied from gray or yellowish tan
to light brown, whereas the other samples usually had brown, dark brown, or some-
fimes almost black carapaces. Likewise, the dorsal and lateral ground color of head
was usually paler in the Yaeyama sample than in the others, making the light lateral
stripe in the head and neck usually less prominent in the former (Yasukawa et al., 1996,

in press ¢).

Comparisons of qualitative characters, such as those in scutellation, and shapes of
the skull and shell bony plates, yielded no discernible variations (Yasukawa, unpub-
lished data).
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Figure 3. Two-dimensional plots of scores for the first two canonical varfables of morphometric charac-
ters in four major regional samples of adult male (A} and female (B) Mauremys mutica. Closed circles,
samples from the Yaeyama Group; Open circles, from Honshu; Closed triangles, from Taiwan; Open
squares, from continental China. Modified from Fig. 3 in Yasukawa ¢t al. {1996).

4. Geographic variation in Cistoclemmys flavomarginata
The yellow-margined box turtle, Cistoclemmys flavomarginata, occurs on the

Iriomotefima and Ishigakijima Islands of the southern Ryukyus, Taiwan, and Anhui,
Fujian, Henan, Guangxi, Hubei, Hunan, Jiangsu, Sichuan and Zejiang Provinces of
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Table 5
Standardized coefficients for the first three canonical axes of variation of morphometric characters in
adult Mauremys mutica. See text for abbreviations. Modified from Table 4 in Yasukawa ef al. (1996).

Male Female
Variable

CANI1 CAN2 CAN3 CAN1 CAN2 CAN3
CL 0.291 0.570 -1.198 0.680 1.581 1.122
Cw -0.671 -0.649 1.367 -1.597 -1.417 1.435
sD 0.707 1.170 -1.220 2.098 0.977 -0.271
PL -2.650 -2.208 -1.718 0.115 -6.413 1.785
HL 0.283 1.014 1.072 -1.508 1.354 0.161
PWA 0.730 0.478 0.326 0.959 0.938 -0.848
PWC 0.166 0.106 -0.318 -1.207 0.199 -1.562
PWD 0.487 -0.644 0.395 1.009 -0.976 0.759
BL -0.491 -0.522 0.564 0.610 0.340 0.826
GW -0.776 0.829 0.514 -0.252 0.677 1.005
GL 0.164 0.031 -0.087 -0.299 0.679 -0.872
IH 1.752 0.107 0.591 0.114 -0.048 -0.574
P 2.068 -0.309 0.490 0.701 -0.656 -0.815
IAB 0.286 0.364 0.315 -0.277 1.647 -1.344
IF 0.197 -0.418 0313 -0.057 0.810 0.239
IAN -0.025 0.870 0.188 -0.047 1.506 -0,144
Eigenvalue 2.290 0.935 0.823 3.586 1.044 0.699
Difference 1.355 0.066 0.000 2.542 0.345 0.000
Proportion 0.559 0.228 0.212 0.673 (.196 0.131
Cumulative proportion 0.559 0.788 1.000 0.673 0.869 1.000

eastern and southern continental China (Iverson, 1992; Zhao and Adler, 1993; Karsen et
al., 1998; Ota and Yasukawa, in press).

Gray (1863) described a new genus, Cistoclemmys, to accommodate a new species,
flavomarginata, from Tamsui, northern Taiwan (Wermuth and Mertens, 1977; Iverson,
1992). At present, Cistoclemmys Gray, 1863 is usually regarded as a synonym of Cuora
Gray, 1855 (e.g., Wermuth and Mertens, 1977; Pritchard, 1979; Ernst and Barbour,1989;
Tverson, 1992; David, 1994). We, however, apply that generic name to flavomarginata,
since recent phylogenetic analyses clearly separated Cistoclemmys (as consisting of
flavomarginata and galbinifrons: Hirayama, 1984; Gatfney and Meylan, 1988; Yasukawa,
1997: but also see Wu et al., 1998) from Cuora sensu stricto (as consisting of the remain-
der of Cuora sensu lato).
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4. 1. Review of previous studies on the geographic variation in Cistoclemmys flavomarginata

Hsu (1930) described the continental populations of Cistoclemmys flavomarginata as a
new subspecies, Ctiora flavomarginata sinensis, based on the differences in shell scutellation
and relative length of the tail. However, the validity of this subspecies remained dubi-
ous, because such variations are common within most emydid and batagurid popula-
tions (Pope, 1935; Ernst and Lovich, 1990). Thus, few subsequent authors regarded C. f.
sinensis as valid until recently. ‘

Based on the results of morphometric comparisons among the samples of C.
flavomarginata from the Ryukyus, Taiwan, and the continental China, Emst and Lovich
(1990) described the Ryukyu populations as a separate species, Cuora evelynae. Accord-
ing to these authors, C. evelynae has a large light blotch on each vertebral and pleural,
and a large, usually hourglass-shaped, light brown plastral blotch, whereas C.
flavomarginata has only a small light blotch on each vertebral and pleural, and a large
dark plastral blotch, with only a shallow indentation at the bridge. However, some
Japanese researchers examining both forms doubted the validity of C. evelynae as a full
species, because diagnostic characters proposed by Ernst and Lovich (1990) often failed
to discriminate the Yaeyama populations from populations of Taiwan and the conti-
nental China (Ota and Yasukawa, in press; Hirayama and Sengoku, personal commu-
nication). The results of Ernst and Lovich (1990) might be affected by ontogenic and
sexual variations, because of the pooled data from juvenile and adult specimens of
both sexes before analyses. ‘

McCord and Iverson (1991) analyzed morphometric variation among male and fe-
male samples from the southern Ryukyus, Taiwan and the continental China separately.
Their results indicated that three populations were more or less differentiated from
each other, with the continental samples being most divergent. They thus relegated the
status of C. evelynae to a subspecies of C. flavomarginata, and also tentatively assigned
the continental populations to a distinct subspecies, C. f. sinensis. This subspecific clas-
sification has been followed by most subsequent authors (e.g., Iverson, 1992; David,
1994). McCord and Iverson (1991), however, analyzed a relatively small numbef of shell
measurements only, and sizes of their samples are also much smaller than those of
Ernst and Lovich (1990). Furthermore, each of the three subspecies is still rather poorly
diagnosed. On this occasion, we attempt to make a more comprehensive analysis of
geographic variation among the three currently recognized subspecies of Cistoclemmys
flavomarginata. Our purpose is to estimate the relative divergence of the Yaeyama popu-

lations from the others.
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4.2. Comparisons among the three subspecies of Cistoclemmys flavomarginata

We examined 32 specimens (18 females, four males, two unsexed adults and eight
juveniles) from the Yaeyama Group, 28 specimens (16 females, nine males and three
juveniles) from Taiwan, and 31 specimens of C. f. sinensis (15 females, four males, three
unsexed adults and nine juveniles) from continental China (see “Specimens examined”
for further detail). These materials included specimens of whole bodies, and dry shells
with and without other skeletal parts. All specimens with midline carapace lengths
(MCLs) greater than 110.0 mm were considered as adults, and were sexed based on
length of the tail and thickness of the tail base (Ernst and Lovich, 1990; Ota and Yasukawa,
in press). Skeletal specimens {(MCL > 110.0 mm) were treated as unsexed adults, unless
their sexes were confirmed before removal of the soft parts. In each sample, the number
of ferales much exceeded that of males. So, we used data from adult females for statis-
tical analyses of variation among samples, and limited the use of data from adult males,
unsexed adults and juveniles for colorational and qualitative comparisons. Osteologi-
cal characters were compared among two adult specimens from the southern Ryukyus,
five adult specimens from Taiwan and five adult specimens from continental China.

Straight line measurements were taken to the nearest 0.1 mm for the following 25

characters using calipers: midline carapace length (MCL), carapace width at the level
of the seam between vertebrals 3 and 4 (CW3-4), width between the points of juncture
of the marginals and pleurals at the level of the seam between vertebrals 3 and 4 (PW3—
4), shell depth at the hinge (SDH), medial lengths of the plastral forelobe (PFL) and

hindlobe (PHL), greatest ventral width across gular scutes (GW), plastral forelobe width.

at the level of junction of humero-pectoral seam and plastral margin (PWA), anterior
width of the plastral hindlobe at the level of the junction of abdomino-femoral seam (=
hinge) and plastral margin (PWC), greatest lengths of vertebrals 1 (V1L), 2 (V2L) and 3
(V3L), greatest widths of vertebrals 1 (VIW), 2 (V2W) and 3 (V3W), greatest lengths of
pleurals 2 (P2L), 3 (P3L), greatest width of pleural 3 (P3W), greatest length of a light
blotch on pleural 2 (P2ML), and midseam lengths between gulars (G), humerals (H),
pectorals (P), abdominals (Ab), femorals (F) and anals (An). Definitions of the last six
characters follow Lovich and Ernst (1989).

Significance levels for all analyses were set at 0.05. Variation in MCL among the
samples was examined by Kruskal-Wallis and Dunn’s multiple comparison test. Each
of the other measurements was log-transformed and was tested for correlation with

MCL (also log-transformed) within each sample. Correlations were consistently
statistically significant in all measurements but H and F in the Taiwanese and continental
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samples and P2ML in all samples. We thus analyzed all characters but these three by
ANCOVA and Tukey-like test with MCL as the covariate. After log-transformed, data
for all measurements but P2ML were also subjected to principal component analyses
(PCA) using PRINCOMP procedure of SAS (1990). In addition, P2ML and P2ML/P2L
were examined by Kruskal-Wallis and Dunn’s multiple comparison test to verify the
validity of a diagnostic character of evelynae proposed by Emst and Lovich (1990).
The Kruskal-Wallis and Dunn’s multiple comparison tests revealed no significant
differences in MCL between any sample pair. On the other hand, ANCOVAs and Tukey-
like tests indicated that slopes of regression lines for P2L and G were significantly dif-
ferent among the three samples. Positions of the lines were significantly different among
the three samples for CW3—4, PW3-4, SDH, GW, PWA, V2L, VIW, V3W, P3W, and P

Table 6

Results of allometric comparisons among three regional samples of Cistoclemmys flavomarginata: Y,
Yaeyama; T, Taiwan; M, mainland China. “-”, P 2 0.05; “+*, P < 0.05; “++", P < 0.01; “+++", P < 0.001.
Samples sharing same superscript letters showed no significant differences. See text for methods of analy-
ses and character abbreviations.

Characters Slope Position Descending order
Cwa-4 - ++ mi Tl Y
PW3-4 - ++ ml T12 Y2
SDH - + Ml Tl Y
PFL - -

PHL - -

GW - ++ M1 T2 Y2
PWA - + Tl M2 Y2
PWC - -

VIL - -

V2L - + Tl M2 Y2
V3L - -

VIW - + Ml Tl2 v2
V2w -

V3w - 4 Ml Tl -y
P2L +

P3L -

P3wW - + M Tl vl
G +

P - ++ Ml Tl Y
Ab - -

An - -
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(Table 6). Of these 10 characters, four (CW3-4, SDH, V3W and P) significantly differed
between the Yaeyama sample and the remaining samples, whereas only a single char-
acter (P3W) and no characters differentiated the continental and Taiwanese samples
from the remainder, respectively.

Eigenvectors for the first three principal components (PRINs 1-3), calculated by PCA
using data for the 24 measurements, are presented in Table 7, together with eigenvalues,
differences, and proportions for these axes. Ranges of PRINs 1 and 2 variables largely

Table 7
Factor loadings on the first three principal components of morphometric variation in adult female samples
of Cistoclemmys flavomarginata. See text for abbreviations.

Variable PRIN1 PRIN2 PRING

MCL 0.176354 0.127805 -0.021439
CW34 0.178783 0.105116 -0.089434
PW3-4 0.180990 0.024439 -0.019692
SDH 0.168347 -0.008115 -0.118222
PFL 0.172188 -0.080018 0.020830
PHL 0.156069 0.042048 -0.053107
GW 0.109656 0.135764 -0.342040
PWA 0.169517 -0.085134 0.182570
PWC 0.162644 0.004749 0.028879
ViL 0.164958 © -0.230790 0.121407
V2L 0.167323 0.042881 0.007206
V3L 0.158079 -0.192095 0.113882
Viw 0.158317 0.069387 0.117255
V2w 0.142638 -0.037581 -0.109711
V3w 0.142170 -0.034527 -0.223107
P2L 0.163972 -0.028033 0.037884
P3L 0.160795 -0.136118 -0.072826
P3wW 0.169225 -0.182497 0.112420
G 0.147817 -0.224134 0.018746
H 0.167118 -0.183877 0.049051
r 0.174345 -0.143760 0.053201
Ab 0.130931 -0.177216 -0.075973
F 0.141724 0.169950 -0.135231
An 0.127353 -0.217782 0.430996
Eigenvalue 27.8124 2.0409 1.7058

Differences 257715 0.3350 0.3000

Proportion 0.67835 0.049777 0.041605

Cumulative proportion 0.67835 0.72813 0.76973
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Figure 4. Two-dimensional plots of scores for the second and third principal components of morphomet-
ric characters in samples of adult female Cistoclemnys flavomarginata: Open circles, samples from the
Yaeyama Group; Closed squares, from Taiwan; Open triangles, from the continental China.

overlapped among the samples (ANOVA, P > 0.05). In PRIN 3, score of the Yaeyama
sample was largely greater than those of the Taiwanese and the continental samples (P
< 0.001), whereas scores largely overlapped between the latter two samples (P > 0.05:
Figure 4). Absolute values of factor loadings (Table 7) indicated that differences in An
(positive) most greatly contributed to the variation in PRIN 3, followed by GW (negative),
V3W (negative) and PWA (positive) in order.

Results of the Kruskal-Wallis and Dunn’s multiple comparison test revealed no sig-
nificant differences in P2ML or P2ML /P2L between any combination of the three samples
(P > 0.05). Values for the latter were highly variable but largely overlapped among the
samples (Table 8). In our observations, differences in color or shape of the dark plastral
blotch were not evident among the samples, either. We thus conclude that these
colorational characters do not serve as discriminant characters for the Yaeyama popu-
lations (contra Emst and Lovich, 1990). Furthermore, comparisons in qualitative char-
acters, such as scutellation and skeleta] shapes, yielded no distinct differences among

the three samples, either.
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Table 8
Size variation of the light blotch on the second pleural (P2ML) among adult females of Cistoclemmzys
flavomarginata from the southern Ryukyus, Taiwan and the continent. P2L = the second pleural length.

Subspecies Mean (SD) of P2ML Range of P2ML ~ RANGE of P2ML/P2L
Yaeyama 20.956 (3.675) 12.9-27.4 0.499-0.957
Taiwan 20.056 (4.552) 14.6-28.6 0.480-0.850
Continental China 19.638 (6.346) 12.9-27.4 0.451-0.929

4.3, Infraspecific classification of Cistoclemmys flavomarginata

Results of the morphometric analyses indicated that the southern Ryukyu popula-
tions are most divergent, whereas the Taiwanese and continental populations are hardly
discernible from each other. Nevertheless, although Ernst and Lovich (1990) stated that
the southern Ryukyu populations differ from the others in having a relatively large
light-colored marking on each vertebral or pleural, present results ne gated the validity
of this diagnostic character for evelynae. In adult C. flavomarginata, the carapacial light

blotches tended to be larger in individuals having badly worn carapaces irrespective of -

their Jocalities. In addition, the light blotches of an individual from each locality could
be easily enlarged by filing the surrounding darker portions of the carapace with sand-
paper, Very young juvenile specimens (MCL < 50.0 mm} had a relatively large light
blotch on an areola of each vertebral and pleural (P2ML/P2L > 0.720), but surrounding

portion of the areola was dark-colored. The areola was usually indistinct or lost in larger -

specimens. Results of our observations on juveniles and relatively smail adults, how-
ever, indicate that the size of the areola does not change ontogenetically, but that that of
the surrounding portion and the relative size of the blotch become greater and smaller
with growth, respectively. These observations suggest that in C. flavomarginata this char-
acter varies with age and individual experience rather than with locality.

Besides colorlational characters, Ernst and Lovich (1990) noted that the Taiwanese
populations have more rows of large scales on the anterior surface of the forelimb when
compared with the southern Ryukyu and continental China population. However, our
examination by Kruskal-Wallis test detected no significant differences in the number of
these scales among the adult female or adult samples (P > 0.05).

To evaluate geographic variation in shell morphometry of C. flavomarginata, McCord
and Iverson (1991) conducted canonical discriminant analyses separately for female

and male samples from the Yaeyama Group, Taiwan and the continental China. Based
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on the results, they considered that each of the three populations deserves subspecific
status. However, they did not refer to actual characters contributing to the separation
along the canonical axes or those being diagnostic of the three subspecies. In addition,

sizes of samples they examined were too small to yield convincing results by such an

analysis.

Based on the present results, we consider that the most divergent Yaeyama popula-
tions deserve taxonomic recognition at the subspecific level as C. f. evelynae. This agrees
with the tentative account by McCord and Iverson (1991). However, our results negate
the subspecific separation of the Taiwanese and continental pbpulations by these au-
thors, since no substantial differences were recognized between samples from these
regions. We thus recognize two subspecies within C. flavomarginata: C. f. evelynae, en-
demic to the Yaeyama Group, characterized by relatively flat (SDH/MCL in adult fe-
male, median [range]:0.444 [0.411-0.479]) and narrow shell (CW3—4/MCL in adult fe-
male, 0.694 [0.649-0.749]), and narrower vertebral 1 (C1W/MCL in adult female, 0.181
[0.159-0.214]); and C. f. flavomarginata from Taiwan and the continental China, charac-
terized by slightly higher (SDH/MCL in adult female, 0.463 [0.414-0.510]) and wider
shell {(CW3—4/MCL in adult female, 0.723 [0.666-0.774]), and wider vertebral 1 (C1W/
MCL in adult female, 0.203 [0.162-0.231]).

5. Biogeography

In the G. japonica—spengleri clade, there are remarkable differences in both morpho-
metric and qualitative characters between the Ryukyu (G. japonica) and the non-Ryukyu
representatives (G. spengleri} (Yasukawa et al., 1992; Section 2). Geoemyda japonica is cur-
rently confined to the Okinawa Group of the central Ryukyus, but their fossils were
discovered from southern part of Okinawajima Island (late Pleistocene) and also from
Iejima Island of the Okinawa Group (Holocene} (Hasegawa, 1980; Oshiro, 1987; Toyama,
1997). Considering the fact that this species does not currently occur in the latter locali-
ties, recent range reduction of G. japonica within the Okinawa Group is obvious. How-
ever, no fossil records of this species or of its close relatives-have been available from
the southern Ryukyus or Taiwan. On the other hand, either M. m. kami or C. f. evelynae,
though being most divergent among the conspecifics, exhibited much poorer differen-
tiation from the other subspecies occurring in the adjacent regions, such as Taiwan and
continental China (Yasukawa ef al,, 1996; Sections 3 and 4). Such differences in the de-
gree of divergence and distributional pattern between the G. japonica—spengleri clade
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and subspecies of M. mutica or of C. flavomarginata strongly suggest the older origin
and relict state of G. japonica compared with M. m. kami and C. f. evelynaein the Ryukyus.

The paleogeography of the Ryukyus and adjacent regions during the Pleistocene is
still controversial (See Ota [1998], for review). Kizaki and Oshiro (1977; 1980), mainly
based on geological data, postulated that the Ryukyus-Taiwan-southeastern continen-
tal region south of the Tokara Gap had a land-bridge connection at the early Pleis-
tocene. They considered that a large portion of this land-bridge submerged in the middle
Pleistocene, and that no land-bridges have connected islands of the whole region again
since then. On the contrary, a few other geologists argued for the late Pleistocene land-
bridge formation from the central Ryukyus to Taiwan {Ugiié, 1990), or even from Kyushu
of the Main-islands of Japan to Taiwan through the Ryukyus (Kimura, 1996). Recently,
Hikida and Ota (1997) and Ota (1998) analyzed phylogeographical patterns of extant
amphibians and reptiles in the subtropical and tropical East Asia, and assessed the
previous paleogeographical hypotheses accordingly. Results of their analyses revealed
extremely high frequency of relict taxa, such as G. japonica, in the central Ryukyus. On
the other hand, amphibians and reptiles endemic to the southern Ryukyus, such as M.
m. kami and C. f. evelynae, showed less prominent differentiations from the closest rela-
tives, suggesting their more recent divergences through vicariance. Such
phylogeographical patterns favor hypotheses of Kizaki and Oshiro (1977, 1980), but do
not support the late Pleistocene land-bridges postulated by Ujiié (1990) and Kimura
(1996) (Hikida and Ota, 1997; Ota, 1998). Furthermore, Hikida and Ota (1997) and Ota
(1998) suspected that even the early Pleistocene land-bridges did not actually reach the
central Ryukyus because of the extreme biogeographical uniqueness of this region.

The biogeographical hypothesis proposed by Kizaki and Oshiro (1977, 1980) and
modified by Hikida and Ota (1997) and Ota (1998) is concordant with the distribu-
tional-divergence patterns shown by G. japonica, the other two geoemydines of the
Ryukyus, and their closest relatives. It is likely that the ancestral form of G. japonica first
entered into the central Ryukyus, earlier than their latest insularization (Pliocene) (Kizaki
and Oshiro, 1980; Hikida and Ota, 1997; Ota, 1998). On the other hand, ancestors of M.
m. kami and C. f. evelynae probably entered into the southern Ryukyus through its early
Pleistocene land-bridge connection with Taiwan, and then were isolated from their con-
specific populations in Taiwan and the continental China through the subsequent
(middle Pleistocene)} subsidence of the land-bridge. |

Recent phylogenetic analyses strongly suggested the monophyly of Geoemyda,
Cistoclemmys and Pyxiden, but these three genera are still substantially differentiated
and thus deserve separation at generic level (Hirayama, 1984; Gaffney and Meylan,
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1988; Yasukawa et al,, 1992; Yasukawa, 1997). Distributional ranges of species of Geoemyda
are much limited and broadly isolated from each other. Interspaces of their ranges are
occupied by species of Cistoclemnys (i.e., C. flavomarginata and C. galbinifrons) and Pyxidea
mouhotii (Figure 5; Das, 1991; Iverson, 1992; Yasukawa ef al., 1992). Such a distributional
pattern seems to reflect the relatively ancient and recent origins of Geoemyda, and
Cistoclemmys and Pyzxidea, respectively (Das, 1991; Yasukawa et al., 1992; Yasukawa and
Ota, in press a, b).

Recent phylogenetic analyses, while supporting the independency of Cistoclentmys
from Cuora sensu stricto, indicated the closest phylogenetic affinity of C. flavomarginata
and C. galbinifrons from southeastern China and northern Indochina (Figure 5)
(Hirayama, 1984; Yasukawa, 1997). Also, two fossil species, Cuora pitheca (Late Miocene)
from Yunnan, China, and Cuora miyatai (Middle Pleistocene) from Kyushu (Oita Prefec-
ture) and Honshu (Tochigi and Yamaguchi Prefectures), have been regarded as close
relatives of C. flavomarginata (Hasegawa, 1981; Yeh, 1985; Ye, 1994). Preliminary analy-
ses of osteological characters, however, suggested that the former actually belongs to
Cuora sensu stricto because it has a rather depressed carapace and a distinct posterior
notch in the plastron. On the other hand, the latter species seems to be a member of
Cistoclemmys (Yasukawa and Hirayama, in prep.). It is obvious that our hypothetical
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Figure 5. Distribution map of Geoeryda (closed circles: G. japonica, G. sifvatica and G. spengleri), Cistoclenmys
{open circles: C. flavomarginata and C. galbinifrons), and Pyxidea (open squares: P. mouhotii) based on Das
(1991), Iverson (1992}, Yasukawa et al., (1992; 1996) and Zhao and Adler (1993). Ranges of introduced
populations are not shown.
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scenario for the origin of C. flavomarginata in the southern Ryukyus can not explain the
origin of C. miyatai in the Main-islands of Japan. This species may possibly represent
another more recent landbridge dispersal through the Ryukyu region, or otherwise a
dispersal vig different landbridge, e.g., that between Kyushu and the Korean Penin-
sula. More fossil data from broader regions are needed for a convincing scenario to

explain the origin of this enigmatic taxon.
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Appendix I

Specimens examined.

Catalogue numbers of specimens deposited in herpetological collections of the Department Zoology,
Kyoto University, Ogasawara Shellfish Museum, and personal collections of A. Kamata, R. Hirayama, T.
Takenaka and T. Yabe are preceded by KUZ, O5M, AK, RH, TT and TY, respectively. The other acronyms
are those suggested by Leviton et al. (1985).

Cistoclemmys flavomarginata evelynae: Japan, Ryukyu Archipelago, Yaeyama Group, Iriomotejima Is-
land, KUZ 36746-36751, NSMT 02091-02092, 02150, two unnumbered specimens of OSM, four unnum-
bered specimens of 55, four live specimens released after being examined; Ishigakifima Island, KUZ
36741-36745, NSMT 02090, 03564-03569, RH 982. Cistoclemmys flavomarginata flavomarginata: China, Main-
land, KUZ 19561, 36644, 36753-36753, 47316, 47318-47320, 4790247906, RH 698-702, 942, five unnum-
bered specimens of AK, two captive specimens of TT, four captive specimens of TY; Taiwan, KUZ 36752
NSMT 02087-02089, RH 53, 62-63, 65-66, 105, 208-209, 211215, 430, 432440, 442, 444, 445, one captive'
specimen of TT; locality unknown, OMNH-R 4059, one unnumbered specimen.
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