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Phylogeny of the Genus Volachlamys (Bivalvia: Pectinidae) from Japan
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Abstract: Following analytical studies on the two forms (Japanese names: Awaji-chihiro and
Yami-no-nishiki) of Volachlamys hirasei, fossil specimens in genus Volachlamys from Japan
were examined. The fossil specimens were from the Kazusa Formation (1.7 Ma), the Kitaarima
Formation (0.9 Ma), the “Maiko Shell-Beds” (Early-Middle Pleistocene), the Takatsukayama
Formation (0.41 Ma), the Atsumi Group (0.44 Ma), the Kioroshi Formation (0.125 Ma) and
a seaside alluvium in Takamatsu (0.006 Ma). In addition to these, Recent specimens collected
from the Seto Inland Sea were examined. Shells of the specimens were measured, and growth
was analyzed by observing the annuli on the shell surfaces. In the fossil specimens, the Yami-
no-nishiki form was detected in the Atsumi, Kioroshi and Takamatsu samples; it appeared in
1 of 44 individuals in the Atsumi sample, 1 of 2 individuals in the Kioroshi sample, and 17
of 39 individuals in the Takamatsu sample. The remaining specimens were comprised entirely
of the Awaji-chihiro form, suggesting that the Yami-no-nishiki form first appeared around
the middle Pleistocene. Morphologically, although shell proportions and costae number were
unique by locality, there were no samples that were particularly specialized. On the other hand,
the shell weight index (SWI) of the Maiko sample was prominently lower, indicating that these
shells were much thinner and lighter than the other specimens. The growth analysis revealed
distinctly greater growth in the Maiko specimens, although the other specimens (including
the Recent ones) showed similar growth rates to one another. These results suggest that only
the Maiko specimens were genealogically distinct from the others. The fossil specimens of
Volachlamys from Japan were generally supposed to be Volachlamys yagurai, being treated as
a species distinct from V. hirasei. The specimens from the “Maiko Shell-Beds”, which is the
type locality of V. yagurai, have biological characteristics so different from those of the Recent
specimens that they are treated as a distinct species; however, in the other fossil specimens,
significant characteristics that differ from those of the Recent specimens of V. hirasei could not
be detected. These results indicate that only the fossil individuals from the “Maiko Shell-Beds”
are referable to Volachlamys yagurai, and those from all other localities should be assigned to
Volachlamys hirasei, which is common to the Recent specimens.

Keywords: Phylogeny, Volachlamys, fossil, morphology, growth

Introduction

Hirase’s scallop, Volachlamys hirasei (Bavay, 1904) (Bivalvia: Pectinidae), has a strongly
costate form (Awaji-chihiro) and a weakly costate form (Yami-no-nishiki). These forms have been
regarded as subspecies by some researchers (Habe & Kosuge, 1967; Kira, 1959; Habe, 1977; Habe
& Okutani, 1985). Hayami (1985) preliminarily examined the two forms and suggested that the dif-
ferences between them were merely discontinuous variations within a single population. Thereafter,
Yokogawa (1997a, 1997b, 1998a, 1998b) examined the relationship between the two forms using
morphological, ecological and genetic techniques, concluding that they represent intraspecific mor-
phological variations, and proposed to unify the specific name (Yokogawa, 1998b).
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This study examines the morphology and growth of fossil specimens of the genus Volachlamys
collected from various Japanese localities, in order to carry out a phylogenetic study of the genus,
elaborate further on their evolutionary history and discuss taxonomic treatment.

Materials and Methods

The fossil specimens examined were collected from the Kazusa Formation, Nagasaki Prefecture
(1.7 Ma: Otsuka & Furukawa, 1988; Otsuka et al., 1995), the Kitaarima Formation, Nagasaki
Prefecture (0.9 Ma: Otsuka & Furukawa, 1988; Otsuka et al., 1995), the “Maiko Shell-Beds”,
Hyogo Prefecture (the Early-Middle Pleistocene: Matsubara, personal communication), the
Takatsukayama Formation, Hyogo Prefecture (0.41 Ma: Kato et al., 1999), the Atsumi Group,
Aichi Prefecture (Takamatsu silt facies, 0.44 Ma: Shimamoto et al., 1994), the Kioroshi Formation,
located between Chiba and Ibaraki Prefectures (0.125 Ma: Omori et al., 1986; Koike & Machida,
2001), and a coastal alluvium in Takamatsu, Kagawa Prefecture (0.006 Ma: Kawamura, 1988)
(Fig.1). In addition, the Recent Volachlamys hirasei was included in the study via 270 specimens
that were collected in May, 1989 and examined in a former report (Yokogawa, 1997a). Data from
the examined specimens are shown in Table 1; some of the specimens have been deposited in the
Tokushima Prefectural Museum (TKPM), Osaka Museum of Natural History (OMNH) and the
University Museum of the University of Tokyo (UMUT).

The shells were measured following the methods described by Yokogawa (1997a), providing
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Table 1. Data from specimens examined.

Left valve Right valve

Sample lot Age (Ma) N Shell length N Shell length Catalog No.

Form Average  Range Average  Range
Kazusa 1.7

Awajichihiro 30 38.0 146 - 51.3 35 388 19.0 - 53.3 TKPM-GFI3801
Kitaarima 0.9

Awajichihiro 65 402 18.0 - 59.2 64 402 17.3 - 58.8 TKPM-GFI3802
Maiko Early-Middle

Pleistocene

Awajichihiro 46 56.2 23.0 - 70.8 40 475 18.3 - 71.7 OMNH-QM3870
Atsumi 0.44

Awajichihiro 18 320 161 - 552 25 314 9.1 - 565 TKP?{I;(EEI:;)%

Yaminonishiki 1 290 TKPM-GFI4494
Takatsukayama 0.41

Awajichihiro 18 31.1 129 - 649 33 352 163 - 71.5 UMUT CM-16777
Kioroshi 0.125

Awajichihiro 1 544 TKPM-GFI4269

Yaminonishiki 1 452 TKPM-GFI4586
Takamatsu 0.006

Awajichihiro 11 290 17.1 - 392 11 258 16.7 - 419

Yaminonishiki 7 341 230 - 419 10 232 123 - 345
Recent specimens

Awajichihiro 221 43.8 30.5 - 59.2 221 43.6 304 - 59.9

Yaminonishiki 49 458 339 - 53.1 49 454 30.2 - 52.6

data on shell length, shell height, valve convexity, auricle width, shell weight, and the number of
radial costae. In the former report, although the valve convexity and shell weight were measured
for paired valves, this study measured these for single valves, as it is very rare to obtain conjoined
valves in the case of fossil specimens. For the same reason, the radial costae number was counted
for each single valve, even though the left valve of each pair only were measured in the former
report. The formula defining shell weight index (SWI) in the former report was for paired shells, so
in an effort to standardize the shell weight, this study redefined it for single shells, using the new
formula:

SWI =SW/(SLxSHxVC)x10
where SW: shell weight (g); SL: shell length (mm); SH: shell height (mm); VC: valve convexity (mm)

For Recent specimens, these parameters were remeasured for the single valves and SWI was
recalculated.

To compare the morphology of the specimens analytically, principal component analysis (PCA)
by the usual method (Arima & Ishimura, 1997) was carried out. For the analysis, specimens were
deleted that lacked some of the measured items because of incomplete shells. Auricle width, radial
costae number and SWI were adopted as variates for the analysis. Shell length and valve convexity
were deleted to avoid factor overlap, since those factors were used to calculate SWI.

Because the annuli observed in the shell surface have been found to be yearly rings (Yokogawa,
1998a), the annulus diameters were measured and the growth was analyzed with the methods
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described by Yokogawa (1998a). For the Recent specimens, the results of the growth analysis
done on 929 Awaji-chihiro and 258 Yami-no-nishiki forms and described in the former report
(Yokogawa, 1998a), were used.

Results

Shell morphology

Among the fossil specimens, samples from Kazusa, Kitaarima, Maiko and Takatsukayama
comprised only the Awaji-chihiro form, whereas those from the remaining localities included the
Yami-no-nishiki form. The Yami-no-nishiki form appeared in 1 of 44 individuals in the Atsumi
sample, 1 of 2 individuals in the Kioroshi sample and 17 of 39 individuals in the Takamatsu sample
(Table 1).

Table 2 summarizes average values of characters in the shells, and Figs. 2 and 3 illustrate
general aspects of typical individuals from each sample lot. Regarding the general morphology of
the shells, it is notable that individuals from the Maiko sample particularly have very little angular
expansion at the anterior and posterior margins of the shell, and their shell shape is thus almost
rounded (Figs. 2C, 3C). Also, the Maiko individuals have narrower radial costae and consequently
the radial grooves become broader (Figs. 2C, 3C).

Figures 4 and 5 illustrate relationships between shell length and relative shell height ([shell
height]/[shell length]), and between shell length and relative auricle width ([auricle width]/[shell
length]) of the samples examined, respectively. Because the relative shell height and relative auricle
width tended to diminish with growth in most of the samples, linear regression lines between shell

Table 2. Average values of shell characteristics in each sample lot.

Left valve Right valve
Sample lot Shell ~ Valve Auricle SWI Costae  Shell ~Valve Auricle SWI Costae
Form height* convexity* width* number height* convexity* width* number

Kazusa

Awajichihiro  100.8  17.4 62.2 27.1 18.1 101.0 184 57.6 26.6 18.3
Kitaarima

Awajichihiro 1014 154 68.8 32.5 21.4 101.3 179 68.0 27.2 21.1
Maiko

Awajichihiro 97.6 15.0 55.6 20.9 22.4 98.8 16.7 61.1 20.1 22.1
Atsumi

Awajichihiro  101.3  15.0 75.6 32.6 17.1 1029 164 79.5 26.8 16.8

Yaminonishiki 1045 172 75.5 27.1 16.0
Takatsukayama

Awajichihiro  101.1 149 80.9 28.9 18.2 100.1  16.3 79.1 28.5 18.8
Kioroshi

Awajichihiro 98.0 158 27.1 17.0

Yaminonishiki 923 142 75.2 24.0
Takamatsu

Awajichihiro  102.8  17.2 73.5 33.5 16.6 1044  19.5 78.7 32.7 16.7

Yaminonishiki 105.9  16.9 71.9 343 15.5 106.8  18.0 77.3 28.5 15.1
Recent specimens

Awajichihiro 97.6 157 64.9 31.6 16.7 97.8 184 64.7 28.1 16.9

Yaminonishiki  99.1 144 63.3 30.7 15.8 99.7 172 63.8 27.8 15.1

* Percentage of shell length.
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Fig. 2. Exterior views of typical left valves from each sample lot. A. Kazusa (SL 46.2 mm, SH 48.2 mm,
collected by K. Nakao). B. Kitaarima (SL 46.1 mm, SH 45.6 mm, collected by K. Nakao). C. Maiko
(SL 53.7 mm, SH 53.0 mm). D. Atsumi (Awaji-chihiro form) (SL 40.2 mm, SH 38.4 mm, collected by
T. Moriwaki). E. Takatsukayama (SL 62.0 mm, SH 60.6 mm, collected by Y. Maeda, T. Ozawa and L.
Hayami). F. Kioroshi (Awaji-chihiro form) (SL 54.4 mm, SH 53.3 mm, collected by K. Yoshida and K.
Nakao). G. Takamatsu (Awaji-chihiro form) (SL 34.5 mm, SH 34.8 mm, collected by N. Kawamura). H.
Takamatsu (Yami-no-nishiki form) (SL 22.9 mm, SH 24.6 mm, collected by N. Kawamura). I. Recent
specimen (Awaji-chihiro form) (SL 38.1 mm, SH 37.8 mm). J. Recent specimen (Yami-no-nishiki form)
(SL 37.7 mm, SH 38.1 mm).
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Fig. 3. Exterior views of typical right valves from each sample lot. A. Kazusa (SL 35.6 mm, SH 35.2
mm, collected by K. Nakao). B. Kitaarima (SL 35.2 mm, SH 35.4 mm, collected by K. Nakao). C. Maiko
(SL 59.5 mm, SH 58.5 mm). D. Atsumi (Awaji-chihiro form) (SL 49.3 mm, SH 47.7 mm, collected by
M. Kawase). E. Atsumi (Yami-no-nishiki form) (SL 29.0 mm, SH 30.3 mm, collected by M. Kawase). F.
Takatsukayama (SL 50.2 mm, SH 48.5 mm, collected by Y. Maeda, T. Ozawa and 1. Hayami). G. Kioroshi
(Yami-no-nishiki form) (SL 45.2 mm, SH 41.7 mm, collected by K. Yoshida). H. Takamatsu (Awaji-chihiro
form) (SL 34.4 mm, SH 34.6 mm, collected by N. Kawamura). I. Takamatsu (Yami-no-nishiki form) (SL
20.7 mm, SH 22.0 mm, collected by N. Kawamura. J. Recent specimen (Awaji-chihiro form) (SL 38.1
mm, SH 37.8 mm). K. Recent specimen (Yami-no-nishiki form) (SL 37.7 mm, SH 38.1 mm).
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Fig. 6. Frequency distributions of shell weight index (SWI) of some sample lots. Longitudinal axes
indicate numbers of individuals.
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Fig. 7. Frequency distributions of radial costae numbers of some sample lots. Longitudinal axes indicate
numbers of individuals.

length and those items were computed and are added in the lower part of the figures.

Regarding shell height, plotting points of the individuals from the Takamatsu sample (some
of Awaji-chihiro and many of Yami-no-nishiki forms) are distributed in the higher zone of the
graphs (Fig. 4), indicating markedly greater shell height. This is in contrast to the fact that the



Phylogeny of Volachlamys from Japan 309

50 r Left valve, ¢ Kazusa
A Kitaarima
L ® Maiko
_® s * Atsumi (A)
= ) A Takatsukayama
%40 i L3 4 4| = Kioroshi (A)
= LA ; | I * Takamatsu (A)
X35 4 | ® Takamatsu (Y)
% ; * i 4 . : 4 4 Recent (A)
Sg3fF °t i3 % a + Recent (Y)
% .| ° i ; A A,
°
S 25 o R § N : : . . .
Ezo L A e M | ' ' °
° M .
<
w15 ¢
10 I I I I I I I I I I I
11 13 15 17 19 2 2? 25 27 29 31 33
Number of radial costae
45 r Ri * Kazusa
Right valve A Kitaarima
® Maiko
40 | L. * Atsumi (A)
g o 4 s a * Astumi (Y)
D 35 F RS S 4 Takatsukayama
= PN ; N S * Takamatsu (A)
% i .. e Takamatsu (Y)
T30} i:f‘,g‘ + Recent (A)
£ .0 t ] " s, 4 Recent (Y)
-
-g.) 25 F fe i A 2 * g 40
o SN 3 S ST NI
é a
0t LS S
I : ‘
= ° o s °
w15 p ° N
10 I I I I I I I I I I I

11 13 15 17 19 21 23 25 27 29 31 33
Number of radial costae

Fig. 8. Relationship between radial costae number and shell weight index (SWI). Upper case letters in
parentheses following the sample names represent forms; A: Awaji-chihiro form, Y: Yami-no-nishiki form.

Recent specimens, which is very close both chronologically and geographically to the Takamatsu
sample, tends to have a lower relative shell height (Fig. 4). In particular, the regression lines of
the Takamatsu sample (Awaji-chihiro form) are located in the lowermost zone (Fig. 4). Among the
remainder, the regression lines of the Kitaarima sample are located somewhat upwardly and those
of the Takatsukayama sample are located somewhat downwardly (Fig. 4).

Regarding the auricle width, the regression lines represent well the tendencies of the samples
examined (Fig. 5). The regression lines of the Takatsukayama sample are located distinctly upward-
ly (Fig. 5), indicating large auricles, while the regression lines of the Kazusa and Maiko samples
are located downwardly (Fig. 5), inferring that the two samples have smaller auricles. The smaller
auricle is recognizable also by appearance (Figs. 2A, 2C, 3A, 3C). Regression lines of the remain-
ing samples are roughly concentrated (Fig. 5), indicating similarity.

The convexity of the right valve tended to be greater than that of the left valve in all the samples
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Fig. 9. Principal component analysis for the specimens examined. Upper case letters in parentheses
following the sample names represent forms; A: Awaji-chihiro form, Y: Yami-no-nishiki form.

(Table 2). The convexity of both valves is significantly greater in the Kazusa and Takamatsu sam-
ples (Table 2). Of the samples examined, the Yami-no-nishiki form of the Recent specimens had the
highest value for the difference between left and right valve convexities (Table 2).

Figures 6 and 7 illustrate frequency distribution histograms of SWI and the number of radial
costae respectively. Regarding the shell weight index (SWI), it was significant that that of the Maiko
sample was considerably lower (Fig. 6, Table 2). Among the others, SWI values of the Kazusa and
Takatsukayama samples tended to be lower than those of the remainder (Fig. 5, Table 2).

The number of radial costae was greatest in the Maiko sample; the average values were 22.4 and
22.1 in the left and right valves, respectively (Table 2), and the ranges were 17-26 and 18-25 in the
left and right valves, respectively (Fig. 7). The Kazusa and Takatsukayama samples followed the
Maiko sample; the average values were between 18 and 19 in both valves (Table 2). The average
values of the other samples were between 16 and 17 in general, while those of the Yami-no-nishiki
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Table 3. Average values of estimated shell lengths in each annulus group in each sample lot.

311

T T2 T3 T4 Irs Teo r7 rs Tro T 10 T
Kazusa
Awajichihiro  12.78 22.18 29.85 36.83 41.93 46.62 50.76
Kitaarima

Awajichihiro  11.14 20.25 28.66 34.89 40.09 44.75 49.76 52.86
Maiko

Awajichihiro  17.37 29.34 40.54 48.87 55.17 59.37 63.77
Atsumi

Awajichihiro  11.73 20.88 28.55 34.76 40.00 4495 49.07 56.68

Yaminonishiki 10.80 22.23 28.40
Takatsukayama

Awajichihiro 879 17.13 24.57 31.17 37.70 4336 49.60 53.37 57.29 61.22 64.50

Kioroshi
Awajichihiro  10.40 16.70 2540 35.10 42.20 47.80 51.20
Yaminonishiki 13.55 24.61 33.17 40.65

Takamatsu
Awajichihiro  12.35 21.50 29.53 36.70 39.89
Yaminonishiki 11.76 20.56 26.88 31.32 37.27

Recent specimens
Awajichihiro  16.53 25.13 32.12 37.46 41.61 45.01 48.08 51.46
Yaminonishiki 15.85 24.46 32.00 37.80 4227 4573 48.43 51.60 48.15

Table 4. Parameters of Walford growth transformation and von Bertalanffy growth formulae.

Walford parameter : von Bertalanffy paramter :
a p k Lo to

Kazusa

Awajichihiro 0.831 11.67 0.185 68.98 — 0.106
Kitaarima

Awajichihiro 0.844 11.07 0.170 70.78 — 0.007
Maiko

Awajichihiro 0.817 15.65 0.202 85.66 - 0.123
Atsumi

Awajichihiro 0.835 10.96 0.181 66.30 — 0.084

Yaminonishiki 0.540 15.84 0.617 34.41 0.381
Takatsukayama

Awajichihiro 0.895 9.27 0.111 87.90 0.055
Kioroshi

Awajichihiro 0.905 9.82 0.100 102.90 — 0.085

Yaminonishiki 0.816 13.42 0.204 72.77 - 0.011
Takamatsu

Awajichihiro 0.808 11.80 0.214 61.30 — 0.053

Yaminonishiki 0.778 11.37 0.251 51.20 - 0.039
Recent specimens

Awajichihiro 0.783 12.34 0.244 56.95 — 0.404

Yaminonishiki 0.806 11.96 0.216 61.64 — 0.378

"Lui=aL+8 LizLw(l — e k0w
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Fig. 10. Growth patterns of the sample lots by von Bertalanffy growth formulae. Upper case letters in
parentheses following the sample names represent forms; A: Awaji-chihiro form, Y: Yami-no-nishiki form.

forms from the Takamatsu and Recent species were lower than 16 (Table 2).

The relationship between the radial costae number and shell weight index (SWI) is illustrated in
Fig. 8. When these two characters are combined, the individuals from the Maiko sample separate
from the others almost completely. Also, the individuals from the Kitaarima sample are well con-
verged, though they do not separate completely from the others (Fig. 8).

Figure 9 shows results of principal component analysis (PCA) indicated by plots of individual
principal component scores. These show the individuals from the Maiko sample significantly sepa-
rated from the others, while the individuals from the other samples were almost randomly distrib-
uted, although some samples showed a certain convergence in individuals. This implies morpho-
logical peculiarity of the Maiko sample.

Age and growth

Initially, Walford growth transformation formulae were applied to the left and right valve groups
in each sample, and differences between the parameters of the two formulae were examined with ¢
test. From the results, no significant differences were recognized in any of the samples, and thus the
growth analysis was performed with the pooled data of the left and right valves.

For each sample, the correlation formula of the shell height with shell length was calculated.
Subsequently, the shell lengths at the annulus formation were estimated with the formulae, and
average values of each annulus group were calculated (Table 3). In addition, the parameters of the
Walford growth transformation and von Bertalanffy growth formulae are summarized in Table 4.
Further, Fig. 10 shows growth curves of the samples expressed using the von Bertalanffy growth
formulae. All the fossil samples except Maiko indicated rates of growth similar to those of the
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Recent Awaji-chihiro and Yami-no-nishiki forms; however, the Maiko sample clearly showed the
highest growth rate (Fig. 10, Table 3).

Discussion

The results of the present study reveal that the Maiko sample is morphologically different from
the other samples (Fig. 9) and that its growth rate is notably higher (Fig. 10, Table 3). Of the mor-
phological differences, it is significant that the shell weight index (SWI) of the Maiko sample is
rather smaller than that of the other samples (Fig. 6, Table 2). Low SWI can indicate that shells of
the Maiko individuals are thin, and this may be related to a higher growth rate. Yokogawa (1998a)
examined growth of the Recent Awaji-chihiro and Yami-no-nishiki forms, and revealed that growth
of the Yami-no-nishiki form is greater than that of the Awaji-chihiro form. The reason for this phe-
nomenon is thought to be that the Yami-no-nishiki form can conserve calcium carbonate for shell
formation and subsequently use the surplus calcium carbonate for additional shell growth, resulting
in greater growth than in the other form. A very similar phenomenon is reported for two forms
of the blistered scallop, Cryptopecten vesiculosus (strongly and weakly costate forms) (Hayami,
1984). The unusual growth of the Maiko sample also can be explained by this hypothesis. The
Maiko individuals were able to conserve the calcium carbonate for shell formation because their
shells are thin; subsequently, the surplus calcium carbonate was used for additional shell growth,
resulting in the unusual growth.

The biological characteristics of the Maiko sample obviously indicate that it is a systematically
distinct population from the other samples. This may explain the other morphological character-
istics of smaller auricle width and greater radial costae number in the Maiko sample. Because the
Maiko individuals are almost completely separated from the others with respect to the radial costae
number and SWI (Fig. 8), they should be treated as an independent species.

As for the remaining samples, although values for morphological characters including the radial
costae number are unique to individuals, examples with extremely specialized morphology were
not recognized, including among the Recent species (Figs. 4-7, Table 2). The growth patterns of
those samples are similar to one another (Fig. 10, Table 3), implying monophyly of all the material
other than the Maiko sample. But even if those samples are monophyletic, considerable biological
(ecological and genetic) differences can be expected among the samples, between which a time gap
of hundreds of thousands of years exists. Therefore, within the concept of the biological species
proposed by Wiley (1991), the other samples might also be independent species. However, given
what presently is known about their morphological characteristics, there is no choice but to regard
them as one species because they cannot be completely distinguished. The individuals from the
Takamatsu sample, which are very close to the Recent specimens chronologically and geographi-
cally, differ considerably morphologically from the Recent specimens (Figs. 4, 5; Table 2). This
suggests the possibility that morphological changes occurred within a very short span of geologi-
cal time. This could support the treatment of the samples other than the Maiko sample as a single
species.

Fossil bivalves of the genus Volachlamys are generally treated as Volachlamys yagurai (Japanese
name: Mukashi-chihiro, also called Yagura-nishiki), and are regarded as a distinct species from the
Recent V. hirasei (Hayami, 1985; Fujiyama, 1986; Kaneko & Kajiyama, 1993). Nomenclaturally,
the valid name V. yagurai had generally been attributed to Makiyama (1923) in literature, but it was
shown to be preceded by Yagura (1922) (see Yokokawa et al. (2007) for discussion). Both V. yagurai
Yagura, 1922 and V. yagurai Makiyama, 1923 were described from the “Maiko Shell-Beds”.

Although populations of the weak costae form (Yami-no-nishiki form) may be regarded as V.
hirasei, it is difficult to identify whether a population is V. yagurai or V. hirasei when the entire
sample consists of just a few individuals of the Awaji-chihiro form. Individuals of the Yami-no-
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nishiki form could potentially appear thereafter. Thus, the taxonomic treatment concluded that the
individuals from the “Maiko Shell-Beds” are Volachlamys yagurai (Japanese name: Mukashi-chi-
hiro), while for the other fossil specimens, the oldest specific name (Bavay, 1904) for the Japanese
Volachlamys bivalves is adopted; that is, they are Volachlamys hirasei (Japanese name: Awaji-chi-
hiro). The Japanese name “Awaji-chihiro” is appropriate because most of the fossil specimens are
of the Awaji-chihiro form (Table 1).

Although the samples other than the Maiko sample are here all treated as Volachlamys hirasei,
some of them, such as the Kitaarima sample, have somewhat peculiar morphological character-
istics. Therefore, it may be reasonable to establish some subspecies for the fossil samples. This
should be considered carefully with further examination of the other fossil specimens of the genus
Volachlamys from the various localities, including any newly discovered ones hereafter.

Tokunaga (1906) described the new fossil species, Pecten pulchellimus from Oji, Tokyo, but
Hayami (1985) regarded it to be identical with Volachlamys hirasei owing to morphological simi-
larity. Consequently, P. pulchellimus is here treated as a junior synonym of V. hirasei. Thereafter
Yokoyama (1926) described Pecten atsumiensis from the Atsumi Group. That species also was
regarded to be identical with V. hirasei (Kuroda, 1932; Hayami, 1985). Since the photographs in
the original description were very similar to V. hirasei and the Atsumi Group deposits contain V.
hirasei, P. atsumiensis is also here considered a junior synonym of V. hirasei.

Hayami (1985) considered the phylogeny of the Japanese Volachlamys bivalves. He hypoth-
esized that the population from the “Maiko Shell-Beds”, which have many radial costae, chrono-
logically transited into the populations from the Takatsukayama and Kazusa Formations, which
have somewhat fewer radial costae. Subsequently, the radial costae number further decreased
chronologically, and they transited into the Recent population monophyletically as a consequence.
However, a possible contradiction to his hypothesis is that the radial costae reduced chronologically
because the radial costae number of the individuals from the Kazusa Formation (1.7 Ma) was fewer
than that of the individuals from the Kitaarima Formation (0.9 Ma). Although he hypothesized that
the Japanese Volachlamys bivalves are monophyletic, the present study revealed that at least two
strains once existed in Japanese waters.

Hashimoto & Maeda (1989) considered the chronological order of the Takatsukayama Formation
and “Maiko Shell-Beds” based on the hypothesis of Hayami (1985). They proposed that the
Takatsukayama Formation is younger because the radial costae number of so-called “Volachlamys
yagurai” from the Takatsukayama Formation is lower than those from the “Maiko Shell-Beds”.
However, Hayami’s hypothesis is invalidated by the present study. Moreover, comparison of the
specimens from the Takatsukayama Formation and “Maiko Shell-Beds” is not pertinent because
the specimens represent distinct species; consequently, Hashimoto and Maeda’s opinion is baseless.
Ando (1953) examined the fossil shells of the genus Volachlamys from the “Maiko Shell-Beds” and
Takatsukayama Formation, and regarded the two samples both to be Volachlamys yagurai, owing to
similarity of the radial costae number; however, his opinion is here rejected for the same reason.

The present study determined that the fossil Volachlamys bivalves (except those from the
“Maiko Shell-Beds”) are monophyletic; among those, the weakly costate form (Yami-no-nishiki
form) appeared in 1 of 44 individuals in the Atsumi sample, 1 of 2 individuals in the Kioroshi
sample and 18 of 39 individuals in the Takamatsu sample (Table 1). This suggests that the Yami-
no-nishiki form, which is an intrapopulational morphological variation, first appeared in the mid-
dle Pleistocene. Thereafter, its frequency increased chronologically, and transited into that in the
Recent population. The fact that fossils of the Yami-no-nishiki form appear in the Kanto and Tokai
regions in addition to the Seto Inland Sea and Ariake Sea, where the Recent populations dwell,
implies that a common population inhabited a broad area when the fossils lived, or that environ-
mental factors, such as elevation of sea level during the inter-glacial epochs, expanded the distribu-
tion easily. Thereafter, the shallow and closed sea areas inhabitable for the population decreased,
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and consequently the Recent population has a restricted distribution at present.

Many of the problems concerning the genus Volachlamys have been resolved by previous ana-
lytical studies (Yokogawa, 1997a; 1997b; 1998a; 1998b) and the present study; however, there still
are some problems to be examined, such as related Volachlamys species in China and the estab-
lishment of subspecies among the fossil samples. Hereafter, the taxonomy and phylogeny of the
genus Volachlamys, including species from India, Pakistan, South Africa, Papua New Guinea, and
Indonesia, should be reviewed.
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