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Abstract.

Limnobiophyllum expansum (Lemnoideae, Araceae) was newly found in the lower Miocene (18.4—

17.0 Ma) Hiramaki Formation of the Mizunami Group in the Kani Basin, Gifu Prefecture, central Japan. This
genus was distributed widely in the Northern Hemisphere from the Late Cretaceous to the Paleocene, but a Mio-
cene descendant (L. expansum) was reported only from Europe, in the Bohemian Basin, Czech Republic (early
Miocene), Paldau, Austria (late Miocene), Schrotzburg, Switzerland (late Miocene) and Sos$nica, Poland (late
Miocene). Our finding is the first record of a Miocene Limnobiophyllum from an area other than Europe. The
aquatic flora of Japan during the early Miocene is poorly documented, but this finding suggests a link between

the aquatic floras of Europe and Asia.
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Introduction

The early Miocene floras of Japan can be divided into
Aniai- and Daijima-type floras (Tanai, 1961, 1967, 1991,
1992). The Aniai-type flora thrived from the latest Oli-
gocene to the early Miocene (24-20 Ma) and consists of
deciduous broad-leaved angiosperms and conifers (Tanai,
1961, 1967, 1991, 1992). The Daijima-type flora flour-
ished mainly in the late early Miocene (18-16 Ma) and
consists of evergreen and deciduous broad-leaved angio-
sperms and conifers (Tanai, 1961, 1967, 1991, 1992). It
has been suggested that the global temperature was high
from the late Oligocene to the middle Miocene (2615
Ma) and declined slightly from the latest Oligocene to the
early Miocene (24—17 Ma) (Zachos et al., 2008). The age
of the Aniai-type flora roughly corresponds to the period
of the temperature decline, while the Daijima-type flora
developed during the subsequent warming (Tanai, 1991,
1992).

However, this floristic scheme is inferred based on
arborescent species. It is widely accepted that extant
aquatic vascular plants have wider distributions than ter-
restrial vascular plants, as many aquatic species occur
in several climatic zones or geographically separated
areas (Sculthorpe, 1967; Cook, 1990). Santamaria (2002)
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pointed out that physiological and propagational traits
(e.g. stress tolerance, clonal growth, etc.) that are poly-
phyletic in aquatic vascular plants best explain their wide
distributions, rather than climate or geographic barriers.
These facts imply that fossil aquatic plants also had wide
distributions, unlike arborescent species whose distribu-
tions are more sensitive to climate or geographic barriers.
Nevertheless, there is limited information on the aquatic
vegetation of Japan, especially for the early Miocene and
the few paleobotanical studies of early Miocene aquatic
species of Japan (e.g. Huzioka, 1964; Ozaki, 1978) did
not focus on their distributions.

Genus Limnobiophyllum is an extinct floating aquatic
monocot. It has stoloniferous rosettes bearing one to
four (two in many cases) round to reniform leaves and
dimorphic root systems: roots that arise adventitiously
from the nodes and those that arise from root-bearing
axes (Kvacek, 1995; Stockey et al., 1997). The architec-
ture of Limnobiophyllum is similar to that of the extant
aquatic genus Spirodela (Lemnoideae, Araceae), except
for stolons that connect the rosettes and dimorphic root-
bearing habit (Dawson, 1875; Kvacek, 1995; Stockey et
al., 1997; Stockey, 2006). Phylogenetic analyses using
morphological characters placed Limnobiophyllum as
a sister to extant Lemnoideae within the Araceae based
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Figure 1.
Kani Basin, Gifu Prefecture.

on synapomorphies, such as vegetative propagation by
fragmentation and globose pollen with a monoporate
aperture (Stockey et al., 1997). Two Limnobiophyllum
species have been described: Limnobiophyllum scutatum
(Dawson) Krassilov and L. expansum (Heer) Kvacek.
Limnobiophyllum scutatum is known from the Upper
Cretaceous to Oligocene of North America (Stockey et
al., 1997, 2007), the Upper Cretaceous to the Paleocene
of Eurasia (Krassilov, 1976; Akhmetiev and Shevireva,
1989; Kvacek, 1995) and the Paleocene of Spitsbergen
(Budantsev and Golovneva, 2009); it had a wide dis-
tribution in the Paleocene, as expected from its aquatic
habitat. By contrast, L. expansum is reported only from
the Miocene of Europe, in the lower Miocene of the
Bohemian Basin, Czech Republic (Kvacek, 1995, 1998,
2003; Kvacek and Hurnik, 2000), and the upper Mio-
cene of Schrotzburg, Switzerland (Heer, 1859; Hantke,
1954), Paldau, Austria (Krenn, 1998) and So$nica, Poland
(Collinson et al., 2001).

Here, we report Limnobiophyllum expansum from the
lower Miocene Hiramaki Formation of the Mizunami
Group in the Kani Basin, Gifu Prefecture, central Japan.
This is the first report of L. expansum outside Europe,
which suggests that the species had a wide distribution
during the early Miocene. This finding also provides a
new perspective for reconsidering the early Miocene
flora of Japan in light of the distributional uniqueness of
aquatic vascular plants.
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Distribution of the Mizunami Group (dotted shading) based on Yamada et al. (1990) and the fossil locality (HK019) in the

Material and geological settings

In the Kani Basin, the Miocene Mizunami Group is
divided into the Hachiya, Nakamura, and Hiramaki forma-
tions in ascending order (Shikano, 1995). These consist of
lacustrine and fluvial deposits (Itoigawa, 1980; Shikano,
1995). Aniai-type floras with some warm elements were
reported from the Hachiya and Nakamura formations (Ina
et al., 1983, 1985, 2007), while a Daijima-type flora was
found in the Hiramaki Formation (Ina, 1977). The esti-
mated age of the Hiramaki Formation is 18.4—17.0 Ma by
fission-track dating (Shikano, 2003).

Plant fossils were collected from locality HKO019
(35°26'08"N, 137°05'27"E) in Hiragaito, Kani City
(Figure 1), where the upper part of the Hiramaki Forma-
tion forms an outcrop along the Kani River (T. Yamada,
unpublished data). Limnobiophyllum plants were con-
tained in mudstone, along with emergent Nelumbo sp.
and floating Salvinia sp. Several stumps of Taxodioideae
(Cupressaceae) and Glyptostrobus shoots are found in the
mudstone. Details of this aquatic plant community will be
discussed in separate papers.

All specimens are stored in the Paleobotanical Col-
lections of the National Museum of Nature and Science,
Tsukuba (NSM PP).

Systematic palaeobotany

Class Magnoliopsida
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Figure 2. Limnobiophyllum expansum from the Hiramaki Formation. A, rosettes connected by stolons, NSM PP-12251a. B, two
rosettes connected by a stolon, NSM PP-12252. Note the notch in the leaf (arrowhead). C, rosettes compressed with the apical side (right)
and basal (left) sides upward, NSM PP-12253. The left rosette bears roots from a node along with the rooting axis. D, line drawing of the
right rosette in C. Four leaves are visible in the rosette. E, close-up of A showing two rosettes connected by stolons. F, counterpart of the

rightmost rosette in A, PP-12251b. Note the notch in the leaf (arrowhead). Abbreviations: 1, leaf; n, node; 1, root; ra, rooting axis; s, stolon.
Scale bars indicate 1 cm.
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Order Alismatales R. Br. ex Bercht. and J. Presl, 1820
Family Araceae Juss., 1789
Genus Limnobiophyllum Krassilov, 1973 emend.
Kvacek, 1995

Type species.—Limnobiophyllum scutatum (Dawson,
1875) Krassilov, 1973.

Limnobiophyllum expansum (Heer, 1859) Kvacek,
1995

Figure 2

Cotyledo, Goeppert, 1855, p. 40, pl. 26, fig. 46.

Hiraea expansa Heer, 1859, p. 65, pl. 121, fig. 16—16b.

Hydromystria expansa (Heer) Hantke, 1954, p. 81, pl. 14, figs. 9-12.

Limnobiophyllum expansum (Heer) Kvacek, 1995, p. 51, text-figs.
2—-6; Krenn, 1998, p. 210, pl. 1, fig. 7; Kvacek, 1998, pl. 2, fig.
2; Kvacek and Hurnik, 2000, p. 22, pl. 10, fig. 7; Collinson et al.,
2001, p. 273, figs. 10.1-10.3.

Specimens examined.—NSM PP-12251a (Figure 2A,
E), NSM PP-12252 (Figure 2B), NSM PP-12253 (Figure
2C, D), NSM PP-12251b (Figure 2F), NSM PP-12254—
12272.

Description—Two leaves of different sizes are usually
found in a rosette (Figure 2A, B), although four leaves
are arranged spirally in some rosettes (Figure 2C, D). The
rosettes are interconnected by stolons (Figure 2A, B, E).
Numerous adventitious roots arise from the rosette base,
as well as from the rooting axes, which are presumably
the primary roots (Figure 2A, C, E).

The leaves are slightly asymmetrical, with a suborbicu-
lar to reniform outline, and are sessile (Figure 2A-D, F).
The largest leaf in a rosette is 1.4-3.7 cm long (Figure
2A-D, F). The leaf base is cordate and the apex is slightly
depressed (Figure 2B, F, arrowheads). The leaf margin
is entire (Figure 2A-D, F). Venation is campylodromous
and 10-12 primaries radiate from the leaf base (Figure 2
A-D, F). Secondaries arise at an acute angle (ca. 30°) and
tertiaries run almost perpendicular to adjacent primaries,
secondaries, or marginal veins (Figure 2C, D).

Adventitious roots radiating from a node are 0.2-0.25
mm wide, 7.5-10 mm long, and unbranched (Figure 2C,
E). Rooting axes are 0.8—1.0 mm wide, 1.2-2.2 cm long
and bear roots spirally (Figure 2C, E). Roots from the
rooting axes are 0.15-0.2 mm wide and 0.25-0.5 mm
long (Figure 2C, E).

Stolons are ca. 1.5 mm wide and the intervals between
adjacent nodes are 0.8-2.5 cm long (Figure 2A, E). A
vein-like structure is visible in stolons, presumably rep-
resenting a vascular bundle (Figure 2A, E).

Remarks.—Our specimens are clearly identified as a
species in the genus Limnobiophyllum based on the fol-
lowing characters: rosettes bearing two to four leaves
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(mainly two) that are interconnected by stolons; subor-
bicular to reniform leaves with campylodromous vena-
tion consisting of ca. 10 primaries; adventitious roots
radiating from each node; and rooting axes born at the
node (Krassilov, 1973; Kvacek, 1995; Stockey et al.,
1997). An apical notch is usually present in the leaves of
L. expansum (Kvacek, 1995), while it is rarely developed
in L. scutatum (Stockey et al., 1997). The apical notch
was clearly present in our specimens when the leaf apex
was preserved. Consequently, these were identified as L.
expansum.

A possible vascular strand is visible in the stolons of
our specimens, as in Kvacek’s (1995) specimens, while it
is not clearly seen in Limnobiophyllum scutatum (Stockey
et al., 1997). Rosettes with more than two leaves are not
known for L. expansum (Kvacek, 1995), but this could
be due to a small sample size, as Stockey et al. (1997)
pointed out.

Discussion

Aquatic vascular plants tend to have wide distributions
compared with their terrestrial relatives and often occur
in several climatic zones or geographically separated
areas (Sculthorpe, 1967; Cook, 1990). This tendency is
found polyphyletically in vascular plants (Sculthorpe,
1967; Cook, 1990). Santamaria (2002) attributes this
distribution of aquatic vascular plants to their modes of
propagation. Aquatic vascular plants can form sexual and
asexual propagules. Sexual propagules (seeds and spores)
are long-lived, enabling the long-distance dispersal of an
aquatic species by animals. When long-distance dispersal
succeeds, the aquatic species can proliferate clonally and
occupy the new habitat rapidly. Clonal propagation is also
effective for invading similar nearby habitats (Santamaria,
2002). Therefore, a few successes in long-distance immi-
gration are sufficient for settling a new area, and recent
population genetic studies increasingly support this sce-
nario (e.g. Katayama et al., 2016).

Climate and geographic barriers are less crucial than
biological traits as explanatory factors for the distribu-
tions of aquatic vascular plants, but they have limited
effects on the distribution (Santamaria, 2002). How-
ever, the land constituting the present Japanese Archi-
pelago was close to the eastern margin of Eurasia from
the late Oligocene to the mid-Miocene (Jolivet et al.,
1994; Maruyama et al., 1997; Yanai et al., 2010). In
addition, it has been suggested that swamps with taxo-
diaceous conifers were distributed in the mid-latitudes
from Asia to Europe (Krassilov, 1994; Kovar-Eder et al.,
2001; Vickulin et al., 2003; LePage, 2007; Ivanov et al.,
2011), where subtropical to temperate climatic conditions
prevailed (Wolfe, 1985; Tiffney and Manchester, 2001;
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Herold et al., 2010). This geological background, and the
biological traits of aquatic plants, predict that aquatic fos-
sil species, could have been shared between Europe and
Asia, including Japan, in the early half of the Miocene.

This study provides an example supporting this
hypothesis, by reporting Limnobiophyllum expansum
from the lower Miocene of Japan, which had previously
been found only in the Miocene of Europe (Heer, 1859;
Hantke, 1954; Kvacek, 1995, 1998, 2003; Krenn, 1998;
Kvacek and Hurnik, 2000; Collinson et al., 2001). Our
Limnobiophyllum fossils were found in a Glyptostrobus
swamp along with Salvinia sp. (T. Yamada, unpublished
data), as in the aquatic flora reported from the lower
Miocene of Bohemia, the Czech Republic (Kvacek,
1998, 2003). Although detailed taxonomic studies of the
Hiramaki fossils are ongoing, these should reveal a closer
link between the aquatic floras of Europe and Japan dur-
ing the early Miocene.

The congeneric Limnobiophyllum scutatum was dis-
tributed in North America, Spitsbergen, and Asia during
the Paleocene (Krassilov, 1973, 1976; Akhmetiev and
Shevireva, 1989; Kvacek, 1995; Stockey et al., 1997,
2007; Budantsev and Golovneva, 2009), while L. expan-
sum was distributed in Europe (Kvacek, 1995, 1998, 2003;
Kvacek and Hurnik, 2000) and Japan in the early Mio-
cene. These records suggest that the two Limnobiophyl-
lum species had distributions as wide as those of extant
species of Lemnoideae (Cook, 1990). They also imply
that there was a turnover of species between the Paleo-
cene and Miocene. There is only one Limnobiophyllum
record from North America during this period (Stockey
et al., 2007), but future studies of Eocene to Oligocene
Limnobiophyllum should reveal how this species turnover
and subsequent spread were achieved. Since Lemnoideae
constitutes the basal group within Araceae, along with
Gymnostachydoideae and Orontioideae (Cabrera et al.,
2008; Nauheimer et al., 2012), the distributional history
of Limnobiophyllum in relation to its ecology is worth
exploring to better understand the early evolution of this
family.

Acknowledgments

We thank the Kani City Board of Education for helping
us to access the fossil locality. Y. Mizuno kindly assisted
our field survey. This study was partly supported by the
Research Project of the National Museum of Nature and
Science under the “Historical Development and Origin of
Biodiversity under Global Environmental Dynamics”.

References

Akhmetiev, M. A. and Shevyreva, N. A., 1989: Tsagayan-type flora in

Downloaded From: https://complete.bioone.org/journals/Paleontological-Research on 13 Apr 2025
Terms of Use: https://complete.bioone.org/terms-of-use

the Zaysan region (eastern Kazakhstan). [zvestiva Akademii Nauk
SSSR, Seriya Geologicheskaya, no. 6, p. 80-89. (in Russian; origi-
nal title translated)

Berchtold, F. and Presl, J. S., 1820: O Prirozenosti Rostlin aneb
Rostlinar, 271 p. Jos. Krause, Praha (Prague).

Budantsev, L. Y. and Golovneva, L. B., 2009: Fossil Flora of Arctic 1I.
Paleogene Flora of Spitsbergen, 400 p. Marafon, St. Petersburg.
(in Russian with English abstract)

Cabrera, L. 1., Salazar, G. A., Chase, M. W., Mayo, S. J., Bogner, J.
and Davila, P, 2008: Phylogenetic relationships of aroids and
duckweeds (Araceae) inferred from coding and noncoding plastid
DNA. American Journal of Botany, vol. 95, p. 1153—1165.

Collinson, M., Kvacek, Z. and Zastawniak, E., 2001: The aquatic
plants Salvinia (Salviniales) and Limnobiophyllum (Arales) from
the Late Miocene flora of So$nica (Poland). Acta Palaeobotanica,
vol. 41, p. 253-282.

Cook, C. D. K., 1990: Aquatic Plant Book, 228 p. SPB Academic Pub-
lishing, Amsterdam.

Dawson, J. W., 1875: Note on the plants, collected by Mr. G. M.
Dawson, from the lignite Tertiary deposits, near the forty-ninth
parallel. /n, British North American Boundary Commission ed.,
Report on the Geology and Resources of the Region in the Vicin-
ity of the Forty-ninth Parallel, p. 327-331. Dawson Brothers,
Montreal.

Goeppert, H., 1855: Die Tertidre Flora von Schossnitz in Schlesien, 114
p-, 26 pls. Heyn’sche Buchhandlung, Gorlitz.

Hantke, R., 1954: Die fossile Flora der obermiozdnen Oechninger-
Fundstelle Schrotzburg (Schienerberg, Stid-Baden). Denkschriften
der Schweizerischen Naturforschenden Gesellschafi, Band 80, p.
27-118.

Heer, O., 1859: Flora Tertiaria Helvetiae, Band 111, 378 p., 57 pls. Ver-
lag der Lithographischen Anstalt von J. Wurster und Compagnie,
Wintherthur.

Herold, N., Miiller, R. D. and Seton, M., 2010: Comparing early to
middle Miocene terrestrial climate simulations with geological
data. Geosphere, vol. 6, p. 952-961.

Huzioka, K., 1964: The Aniai flora of Akita Prefecture, and the Aniai-
type floras in Honshu, Japan. Journal of the Mining College Akita
University, Series A, Mining Geology, vol. 3, p. 1-105.

Ina, H., 1977: Plant fossils of the Hiramaki Formation. /n, Kani
Town Board of Education ed., Geology and Fossils of Hiramaki:
Research Report on Fossils Found during Construction of Kani
New Town, p. 47-102. Kani Town Board of Education, Gifu. (in
Japanese, original title translated)

Ina, H., Nomura, T. and Kimura, 1., 1983: Plants from the Miocene
Hachiya Formation in Tono district, Gifu Prefecture, Japan. Bul-
letin of the Mizunami Fossil Museum, vol. 10, p. 1-22.

Ina, H., Nomura, T. and Kimura, 1., 1985: Additional plants from the
Miocene Hachiya Formation in Tono district, Gifu Prefecture,
Japan. Bulletin of the Mizunami Fossil Museum, vol. 12, p. 1-26.

Ina, H., Saito, T., Kawase, M. and Wang, W. M., 2007: Fossil leaves,
fruits and pollen of Liquidambar (Hamamelidaceae) from the
Lower Miocene Nakamura Formation in Gifu Prefecture, central
Japan. Journal of the Geological Society of Japan, vol. 113, p.
524-545. (in Japanese with English abstract)

Itoigawa, J., 1980: Geology of the Mizunami district, central Japan.
Monograph of the Mizunami Fossil Museum, vol. 1, p. 1-50. (in
Japanese)

Ivanov, D., Utescher, T., Mosbrugger, V., Syabryaj, S., Djordjevi¢-
Milutinovi¢, D. and Molchanoff, S., 2011: Miocene vegetation and
climate dynamics in Eastern and Central Paratethys (Southeastern
Europe). Palaeogeography, Palaeoclimatology, Palaeoecology,
vol. 304, p. 262-275.



Miocene Limnobiophyllum from Japan 191

Jolivet, L., Tamaki, K. and Fournier, M., 1994: Japan Sea, opening
history and mechanism: A synthesis. Journal of Geophysical
Research, vol. 99, p. 22237-22259.

Jussieu, A. L. de, 1789: Aroideae. Genera Plantarum, p. 23-25. Self-
publishing, Paris.

Katayama, K., Kato, M. and Imaichi, R., 2016: Habitat specificity
enhances genetic differentiation in two species of aquatic Pod-
ostemaceae in Japan. American Journal of Botany, vol. 103, p.
317-324.

Kovar-Eder, J., Kvacek, Z. and Meller, B., 2001: Comparing Early to
Middle Miocene floras and probable vegetation types of Oberdorf
N Voitsberg (Austria), Bohemia (Czech Republic), and Wackers-
dorf (Germany). Review of Palaeobotany and Palynology, vol.
114, p. 83-125.

Krassilov, V. A., 1973: Cuticular structure of Cretaceous angiosperms
from the Far East of the USSR. Palaeontographica Abteilung B,
Band 142, p. 105-116.

Krassilov, V. A., 1976: Tsagayan Flora of Amur Region, 92 p. Nauka,
Moscow. (in Russian, original title translated)

Krassilov, V. A., 1994: Tertiary climate changes in the Far East based
on palaeofloristic and palacomagnetic data. /n, Boulter, M. C.
and Fisher, H. C. eds., Cenozoic Plants and Climates of the Arc-
tic, p. 115-126. NATO ASI Series, vol. 27, Springer, Berlin and
Heidelberg.

Krenn, H., 1998: Die obermiozéine (pannone) Flora von Paldau, Stei-
ermark, Osterreich. Mitteilungen der Abteilung fiir Geologie und
Paldontologie am Landesmuseum Joanneum, Heft 56, p. 165-271.

Kvacek, Z., 1995: Limnobiophyllum Krassilov—a fossil link between
the Araceae and the Lemnaceae. Aquatic Botany, vol. 50, p. 49-61.

Kvacek, Z., 1998: Bilina: a window on Early Miocene marshland envi-
ronments. Review of Palaeobotany and Palynology, vol. 101, p.
111-123.

Kvacek, Z., 2003: Aquatic angiosperms of the Early Miocene Most
Formation of North Bohemia (Central Europa). Courier Forsc-
hungsinstitut Senckenberg, vol. 241, p. 255-279.

Kvacek, Z. and Hurnik, S., 2000: Revision of Early Miocene plants
preserved in baked rocks in the North Bohemian Tertiary. Acta
Musei Nationalis Pragae, Series B, Historia Naturalis, vol. 56,
p. 1-48.

LePage, B. A., 2007: The taxonomy and biogeographic history of
Glyptostrobus Endlicher (Cupressaceae). Bulletin of the Peabody
Museum of Natural History, vol. 48, p. 359-426.

Maruyama, S., Isozaki, Y., Kimura, G. and Terabayashi, M., 1997:
Paleogeographic maps of the Japanese Islands: Plate tectonic syn-
thesis from 750 Ma to the present. Island Arc, vol. 6, p. 121-142.

Nauheimer, L., Metzler, D. and Renner, S. S., 2012: Global history of
the ancient monocot family Araceae inferred with models account-
ing for past continental positions and previous ranges based on
fossils. New Phytologist, vol. 195, p. 938-950.

Ozaki, K., 1978: On a new genus Nymphar and a fossil leaf of Nuphar
from the Early Miocene Nakamura Formation of Gifu Prefecture,
Japan. Science Reports of the Yokohama National University, Sec-
tion 11, Biology and Geology, no. 25, p. 11-19, pl. 1.

Santamaria, L., 2002: Why are most aquatic plants widely distributed?
Dispersal, clonal growth and small-scale heterogeneity in a stress-
ful environment. Acta Oecologia, vol. 23, p. 137-154.

Sculthorpe, C. D., 1967: Biology of Aquatic Vascular Plants, 623 p.
Edward Arnold, London.

Shikano, K., 1995: Stratigraphy of the Nakamura Formation. In,

Downloaded From: https://complete.bioone.org/journals/Paleontological-Research on 13 Apr 2025
Terms of Use: https://complete.bioone.org/terms-of-use

Minokamo City Board of Education ed., Strata and Fossils of
the Nakamura Formation—Research reports on fossil footprints
of large mammals and fossil forest—, p. 2—18. Minokamo City
Board of Education, Gifu. (in Japanese; original title translated)

Shikano, K., 2003: Fission track ages of the Lower Miocene Mizunami
Group in the Minokamo Basin, Gifu Prefecture, central Japan.
Memoirs of the Minokamo City Museum, vol. 2, p. 1-8. (in
Japanese; original title translated)

Stockey, R. A., 2006: The fossil record of basal monocots. Aliso: A
Journal of Systematic and Evolutionary Botany, vol. 22, p. 91-106.

Stockey, R. A., Hoffman, G. L. and Rothwell, G. W., 1997: The fossil
monocot Limnobiophyllum scutatum: resolving the phylogeny of
Lemnaceae. American Journal of Botany, vol. 84, p. 355-368.

Stockey, R. A., Rothwell, G. W. and Johnson, K. R., 2007: Cobbania
corrugata gen. et comb. nov. (Araceae): a floating aquatic mono-
cot from the Upper Cretaceous of western North America. Ameri-
can Journal of Botany, vol. 94, p. 609-624.

Tanai, T., 1961: Neogene floral change in Japan. Journal of the Faculty
of Science, Hokkaido University, Series 4, Geology and Mineral-
ogy, vol. 11, p. 119-398.

Tanai, T., 1967: Tertiary floral changes of Japan. In, Jubilee Publica-
tion in the Commemoration of Professor Yasuo Sasa, Dr. Sc. 60th
Birthday, p. 317-334. Jubilee Committee of Professor Yasuo Sasa,
Dr. Sc. 60th Birthday, Sapporo.

Tanai, T., 1991: Tertiary climatic and vegetational changes in the
Northern Hemisphere. Journal of Geography (Chigaku Zasshi),
vol. 100, p. 951-966. (in Japanese)

Tanai, T., 1992: Tertiary vegetational history of East Asia. Bulletin of
Mizunami Fossil Museum, vol. 19, p. 125-163. (in Japanese with
English abstract)

Tiffney, B. H. and Manchester, S. R., 2001: The use of geological and
paleontological evidence in evaluating plant phylogeographic
hypotheses in the Northern Hemisphere Tertiary. International
Journal of Plant Sciences, vol. 162, p. S3-S17.

Vickulin, S. V., Ma, Q. W., Zhilin, S. G. and Li, C. S., 2003: On cuticle
compressions of Glyptostrobus europaeus (Taxodiaceae) from
Kaydagul Formation (Lower Miocene) of the Central Kazakhstan.
Acta Botanica Sinica, vol. 45, p. 673—680.

Wolfe, J. A., 1985: Distribution of major vegetational types during the
Tertiary. Geophysical Monograph, vol. 32, p. 357-375.

Yamada, N., Wakita, K., Hiroshima, T. and Komazawa, M., 1990: Geol-
ogy of the lida district with geological sheet map at 1: 200,000.
Geological Survey of Japan, Tsukuba. (in Japanese with English
abstract)

Yanai, S., Aoki, K. and Akahori, Y., 2010: Opening of Japan Sea and
major tectonic lines of Japan: MTL, TTL and Fossa Magna. Jour-
nal of Geography (Chigaku Zasshi), vol. 119, p. 1079-1124. (in
Japanese with English abstract)

Zachos, J. C., Dickens, G. R. and Zeebe, R. E., 2008: An early Cenozoic
perspective on greenhouse warming and carbon-cycle dynamics.
Nature, vol. 451, p. 279-283.

Author contributions
T. Y. planned the research, collected fossils and con-

ducted taxonomic study. M. N. conducted taxonomic
study. All authors were participated in writing this paper.



