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Leaves of a new species of Celastrus L. (Celastrus caducidentatus Liang XQ et ZK Zhou) are described from the mid-
dle Miocene of Zhenyuan, China. They have serrate theoid teeth with clear, deciduous setae and pinnate venation.
The species is closely related to Celastrus paniculatus ssp. paniculatus and probably belongs to subgenus Celastrus
series Paniculati. According to the nearest living relative approach, its presence suggests that Zhenyuan had a

warmer and more humid climate in the middle Miocene and that ancestors of C. paniculatus probably occurred

in East Asia. The distribution history of the genus shows that the North Atlantic corridor and/or Bering continental

léz.vsv;lrﬁs. bridge played an important role in the migration between North America, Europe and Asia. The affinity between
Dispersal C. caducidentatus and Celastrus pringlei Rose, which is only distributed in Mexico, suggests that a transpacific
Middle Miocene dispersal existed between East Asia and Central America.

Palaeobiogeography © 2015 Published by Elsevier B.V.
Zhenyuan

1. Introduction and subgenus Racemocelastrus (seven species) based on reproductive

Celastrus L. is a deciduous or evergreen woody vine. The genus is
characterized by a hardy stem with orbicular to ovate lenticels, alternate
simple leaves with serrate or subentire margin (Hou, 1955; Zhang and
Funston, 2008).

Its classification troubled botanists for its plants have a wide range of
morphological diversity, e.g. leaf morphological characters. Leaves are
elliptic to oblong, or broadly ovate to orbicular. Except for a dense pu-
bescence on both leaf surfaces in Celastrus hirsutus Comber, leaves are
usually glabrous or just pubescent on the veins below. Consequently,
the genus was once subdivided into more than 500 species, with
about half of them distributed in Africa. These do not belong to the
genus Celastrus but to Maytenus Molina (Loesener, 1942). The latter is
closely related to the former, but they are distinct from one another
based on habits, lenticels, and reproductive organs (Hou, 1955).
Celastrus itself was also divided into 18 species (Bentham and Hooker,
1862), or nearly 50 species (Loesener, 1942). In 1955, the genus was
revised into two subgenera with two series, namely subgenus Celastrus
with series Paniculati (seven species) and series Axillares (17 species)
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organs and distribution (Hou, 1955). Although two nuclear (ETS, ITS)
and three plastid (psbA-trnH, rpl16 and trnL-F) sequences do not
support the classification (Mu et al., 2012b), it is accepted by many
botanists (e.g., Zhang and Funston, 2008). These species are restricted
to warm temperate and tropical parts of the world (Hou, 1955)
(Fig. 1). Twenty-five species are distributed in China, 16 of which are
endemic (Zhang and Funston, 2008).

Although the present centre of distribution of Celastrus lies in
Southeast Asia, its Cenozoic ancestors may have been cosmopolitan
(Berry, 1916). Many fossils referred to the genus have been found in
the Cretaceous of North America and the Cenozoic of North America,
Europe, Asia and Australia (Ettingshausen, 1886; Knowlton, 1902,
1919; Berry, 1939; MacGinitie, 1941; Wolfe, 1960; WGCPC, 1978; Mai,
1995; Bozukov, 2000). In China, leaf fossils were collected from the Mio-
cene of Shandong and Taiwang (WGCPC, 1978; Huang, 2011). Many
Cretaceous and Paleogene Celastrus-like leaf fossils were once assigned
to two extinct genera, namely Celastrinites Saporta (Saporta, 1865)
and Celastraphyllum Goppert with an entire margin (Goppert, 1853).
Many Cretaceous and Paleogene species of these two genera possibly
belong to different families or genera. For instance, Celastrophyllum
mimusops Ettingshausen, an entire-margined, eucamptodromous leaf
from the Eocene of the Czech Republic has been transferred to
Dicotylophyllum Saporta (Kvacek and Teodoridis, 2011). Those fossil
leaves with theoid teeth having deciduous setae, typical characters of
Celastraceae (Hickey and Wolfe, 1975), are less common.
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Fig. 1. Distribution of Celastrus (grey) at present.

Here, we describe a new species (Celastrus caducidentatus) from the
middle Miocene of Zhenyuan, Yunnan, China, describe its morphologi-
cal features, and review its relationship to extant species in order to
discuss its palaeobiogeographic and palaeoclimatic implications. And it
is shown that plant migration occurred between eastern Asia and
North America via transpacific dispersal in the geological past.

2. Material and methods
Compressed and impressed fossil leaves are found in Sanzhangtian
(24°06’ N, 101°13’ E) (Fig. 2), Zhenyuan, Yunnan, China, which is

close to Ailao Mountain and has a subtropical climate. The locality also

100° E

yielded the lamina and culms of bamboos (Wang et al., 2013) and fern
leaves (Jacques et al., 2013). The section belongs to the Dajie Formation
dated to the middle Miocene based on stratigraphic studies, and
consists of lacustrine and fluvial deposits with conglomerate, sandstone,
siltstone, coal, and mudstones (Ge and Li, 1999). Materials were
observed and photographed with a Nikon D700 camera and a stereo
microscope (S8APO Leica).

Specimens representing 23 extant species and one subspecies, from
Herbaria of Xishuangbanna Tropical Botanical Garden, of Kunming
Institute of Botany, CAS, and CVH (Chinese Virtual Herbarium, www.
cvh.org.cn), were studied. Extant morphological synapomorphies of
five leaves from each species were investigated based on the characters
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Fig. 2. Locality of fossils in Zhenyuan, Yunnan, China (triangle).
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Table 1

Leaf morphological characters of extant and fossil species of Celastrus. C. paniculatus1 includes C. paniculatus ssp. serratus (Blanco) Ding Hou with ovate leaves and C. paniculatus ssp. multiflorus (Roxburgh) Ding Hou with elliptic leaves, and

C. paniculatus? is C. paniculatus spp. paniculatus with obovate leaves. -, st, ss show “no data”, “short and thick”, and “sessile or short”, respectively.

Species 1 2 3 4 5 6 7 8 9 10 11 12 13 Reference

C. monospermus Roxburgh 1/2/3 2 5 123 +238 6.2 + 0.6 2.0 11.0+ 2.0 1 4.0+ 0.0 7.5+ 0.0 45.0 4 0.0 3 1

C. orbiculatus Thunberg 1/4 2 1/5 86+ 1.3 6.0+ 1.2 14 16.6 + 2.2 1 244+ 0.5 58+ 04 41.0 £ 2.0 3 1

C. paniculatus1 1/2/5/6 2 1/5 84413 55+13 1.5 138+ 238 1 32408 7.0 £ 09 46.0 + 2.0 3 1/2

C. paniculatus2 2 2 1 87+ 18 6.7 +03 13 141+ 33 1 34+08 6.4 + 0.5 434 435 3 2 I
C. stylosus Wallich 1/5 2 5 6.6 + 0.4 3.8+02 1.7 114 4+ 0.5 1 34+05 6.0 £ 0.0 468 + 1.8 3 1 =
C. virens (Wang et Tang) C.Y. Cheng 1/3 2 5 104+ 19 3.7+07 2.8 9.8+ 20 1 244+ 0.5 6.8 +£ 0.4 60.0 + 0.0 3 2 g
C. hindsii Bentham 1/2 3 5 85+ 04 3.7+06 23 7.6 £1.2 1 38+ 04 6.6 + 0.5 60.0 £+ 0.0 3 2 OE
C. gemmatus Loesener 1/6 2 1 113+12 51+ 1.6 2.2 12.7 £33 1 27+10 8.0+ 1.1 483+60 3 1 =
C. angulatus Maximowicz 1/4 3 1 994+ 18 6.4+ 1.8 1.5 144+ 7.8 1 32+04 76+ 1.0 50.0 £ 5.5 3 2 =
C. aculeatus Merril 1/5 2 1 88 +24 494+ 1.0 1.8 120445 1 23408 6.0 £ 0.9 555 £+ 3.9 3 1 E’
C. flagellaris Ruprecht 1 2 5 50+25 32+1.0 1.6 8.0+ 1.2 1 35+ 1.1 55+ 0.5 494 4+ 7.0 3 2 g
C. glaucophyllus Rehder et E.H. Wilson 1 2/3 5 99+ 1.2 51405 1.9 123+ 3.2 1 244+ 0.5 5.0+ 0.0 49.0 £ 3.7 3 1 =
C. hirsutus Comber 1/2 3 1 116 + 2.7 7.0 +£12 1.7 20.8 £2.9 1 2.6 £ 0.5 8.0 £ 0.6 53.6 + 4.8 3 1 =
C. hookeri Prain 1 3 1 10.6 + 2.0 69+15 1.5 11.1+£05 1 2.6 +£ 0.5 58 + 04 51.0 £ 5.3 3 1 3
C. hypoleucus P.L. Chiu 1/5 3 1/5 13.7+ 6.2 724+ 09 1.9 17.0 £ 4.0 1 4.0+ 0.0 9.0+ 3.0 495+ 75 3 1 §-
C. kusanoi Hayata 1 2 1 81+13 39+07 2.1 112+ 0.0 1 24+ 0.5 50+ 0.6 48.8 + 6.7 3 1 §
C. pringlei Rose 1 2 1 7.6 +£0.6 27402 2.8 53+09 1 33405 8.0 £ 0.0 41.0 4+ 3.7 3 2 ‘;
C. punctatus Thunbergh 1 2 1 6.5+ 04 29402 2.2 6.8 +1.9 1 2.8+ 04 5.0+ 0.0 484 4+ 33 3 2 2
C. rosthornianus Loesener 1 2 1 7.9 + 3.1 37+1.1 22 9.6 + 3.7 1 3.0+0.0 54+1.0 50.8 + 6.6 3 1 §
C. rugosus Rehder et E.H. Wilson 1 2/3 4/5 10.3 + 44 6.8 +3.2 1.5 114455 1 24405 5.6 £ 0.5 480442 3 1 E
C. vaniotii (H. Léveillé) Rehder 1/5 3 1 94+ 1.2 58 +1.2 1.6 118+ 19 1 32+04 6.2 +£ 04 544 £+ 3.9 3 1 =
C. oblanceifolius F.T. Wang et P. C. Tsoong 1/2 2 1 10.2 + 0.6 33+03 3.0 8.6+ 1.0 1 3.0+ 0.0 7.0+ 0.0 474 422 3 1 %
C. subspicatus Hooker 1 2 1 8.6 3.0 2.7 6.0 1 1.0 8.0 56.0 3 1 >
C. caducidentatus Liang XQ et ZK Zhou sp. nov. 2 2 - 55+ 0.1 5.2 + 0.05 1.06 4.0? 1 5 8 45.0 3 1 this study ~
C. comparabilis Hollick 5 - - 9 6.5 - - 2 - - - 2 2 Hollick, 1936; Wolfe, 1977 §
C. confluens Knowlton 1 2 3 8-9 4-5 - - 6 - 12 45 2 - Knowlton, 1902 N
C. dignatus Knowlton 1/2 4 6 4 3-35 - st 5 - 10 - 2 - Knowlton, 1902 3’1
C. haddeni Knowlton 2 2 4 4 2 - - 3 - - <90 1 - Lee and Knowlton, 1917 N
C. lacoei Knowlton 2/3 2 3/4 3.5 13 - st 4 - - <90 1 - Knowlton, 1916

C. minutus Friedrich 1 2 - 10 0.8 - 1 - 11-12 20-30 1 - Bozukov, 2000

C. serratus Knowlton 5/6 1 1 9-18 5-12 - 11 2 - 10 45 2 - Lee and Knowlton, 1917

Celastrus sp. 6 2 4 3 1.5 - - - - 5 <90 - - Fernandez-Marrén and Hably, 2005

C. hesperius Knowlton 1/5 2 3 4.5 3 - - 4 - 5 - - - Lee and Knowlton, 1917

C. simplex Berry 4 3 4 0.8-1.2 0.8-1.1 - ss 3 - - - - - Berry, 1939

C. pseudo-ilex Ettingshausen 7 - 4 - - - - - - - - - - Heer, 1862

C. mioangulata Hu et Chaney 5 3 2 8-9 5.4-6.6 - 35.0 1/3 - 5-7 75 2 2 WGCPC, 1978

14
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Table 2
List of morphological characters and states of leaf.

1  Shape Elliptic, narrow elliptic (1); obovate (2); lanceolate (3); orbicular (4); ovate, broadly ovate (5); oblong (6); linear (7)

2  Base Cordate (1); cuneate, narrow cuneate (2); round (3); truncate, obtuse (4)

3 Tip Acuminate, obtusely acuminate (1); cuneate (2); obtuse (3); round (4); straight (5); truncate (6)

4 Length (cm) Value

5  Width (cm) Value

6 L/W Value

7  Petiole (mm) Value

8 Margin Serrate (1); dentate, triangular-serrate dentate (2); entire (3); undulate and rounded, undulate teeth (4); coarse tooth (5); large, sharp pointed
(6)

9 Teeth/cm Value

10 Number of 2'vein (pair)  Value

11 Angle of 2'vein to Value

midvein
12 Major 2'vein framework

13 Angle of 3' to midvein Obtuse (1); perpendicular (2)

Camptodromous (1); craspedodromous (2); semicraspedodromous (3)

that are preserved in the fossil remains. Scoring criteria are presented in
Table 2. The cleared leaves of some extant species, taken from the
Herbarium of Xishuangbanna Tropical Botanical Garden, Chinese
Academy of Sciences, were prepared following the methods of Li
(1987). Terminology is based on Ellis et al. (2009). One-way ANOVA
and cluster analysis (between-groups linkage) were conducted to
determine any significant difference between fossil and extant species
and to review the relationship of fossil species to extant species by
applying SPSS 16.0. The geographic map was made using Arcgis 10.1
software.

3. Systematics

Family: Celastraceae
Genus: Celastrus Linnaeus
Species: C. caducidentatus Liang X.Q. et Z.K. Zhou, sp. nov.

Holotype: No. SZT-0250 (Plate I, 2)

Paratype: No. SZT-0248 (Plate [, 1)

Type repository: Palaeoecological lab, Key Laboratory of Tropical
Forest Ecology, Xishuangbanna Tropical Botanical Garden, Chinese
Academy of Sciences (CAS), Yunnan, Mengla, China.

Type locality: Sanzhangtian Village, Zhenyuan County, Yunnan
Province, China

Type formation and age: Dajie Formation, middle Miocene

Etymology: the specific epithet, caducidentatus, is derived from the
theoid tooth with the clear and deciduous seta.

Diagnosis-Fossil leaves obovate and petiolar. Base cuneate. Teeth
serrate theoid with a clear, deciduous seta. Venation pinnate. Secondary
veins semicraspedodromous with apically elongated arches. Intercostal
areas of lower secondary veins narrow and long. Tertiary veins branch.
Tertiary marginal veins variable. Quaternary veins reticular.

Description-Leaves are obovate, 5.5 + 0.1 cm long and 5.2 £ 0.05 cm
wide, with cuneate base. Lamina length/width ratio is about 1.05
(Table 1). Petiole is incomplete, 4 mm long. Theoid teeth have clear
and deciduous setae (Plate I, 5, 7, 8). A main vein extends into apex of
tooth (Plate I, 6-7). Apices turn inwards and look like glands when
setae exfoliate (Plate [, 4 and 6). Venation pinnate with eight pairs of
semicraspedodromous secondary veins which extend to apex to form a
series of arches (Plate I, 1-3). The proximal part of secondary veins is
straight. Intercostal areas of basal secondary veins are narrow and long
(Plate I, 2 and 3). Principal veins of teeth terminate at apex (Plate I, 6
and 7). Number of teeth per cmis 5 (Plate I, 1-3; Table 1). The tertiary
veins branch and are obtuse (Plate I, 2). The marginal tertiary veins are
looped (Plate I, 5). The quaternary veins are reticular (Plate [, 9 and 10)
and freely ending veinlets branch unequally (Plate I, 10).

Affinity-In the cluster analysis, C. caducidentatus is placed in the
same clade as Celastrus paniculatus ssp. paniculatus Willdenow. It
shows they have the closest morphological similarity. They are also

close to the Central American species of Series Axilares, Celastrus pringlei
Rose (Fig. 3).

4. Discussion
4.1. Comparison C. caducidentatus with extant and fossil species

Fossil leaves from the middle Miocene of Zhenyuan are pinnate and
petiolate, and has semicraspedodromous secondary veins with apically
elongated arches and theoid teeth with a clear, deciduous seta (Plate I).
They probably belong to pinnate Dilleniidae, based on vegetative mor-
phology (Hickey and Wolfe, 1975). Within pinnate Dilleniidae, Ericales,
pinnate Malpighiales and Celastrales have leaves with theoid teeth. How-
ever, the leaves of Ericales have teeth with an opaque, deciduous cap
(Stevens, 2012), while those of pinnate Malpighiales (e.g. Ochnaceae)
have brochidodromous secondary veins forming an intramarginal vein
by strengthening and straightening of the outer portion of the arc
(Hickey and Wolfe, 1975). In Celastrales, leaves of Lepidobotryaceae
have an entire margin (Stevens, 2012). Although theoid teeth with decid-
uous setae also occur in the Aquifoliaceae (Aquifoliales) (Hickey and
Wolfe, 1975), their leaves have supervolute (conduplicate) venation
(Stevens, 2012). Celastrus is distinct from other genera of Celastraceae in
characters of veins and margin. Parnassia L. and Lepuropetalon Elliott
have leaves with (sub)palmate venation (Stevens, 2012). Maytenus
Molina has leaves with festooned semicraspedodromous venation. The
leaf margin is entire (e.g., Acanthothamnus Brandegee, Apatophyllum Mc-
Gill, Bhesa Buchanan-Hamilton ex Arnott, and Pottingeria Prain), or
glandular-crenate (e.g., Cassine L.). Besides, the leaves of Canotia Torrey
are reduced to scales, while those of Empleuridium Sonder et Harvey are
sessile (Simmons, 2007). So by a process of elimination, the fossil leaves
must belong to the genus Celastrus.

C. caducidentatus shares typical morphologic characters with extant
species of the genus in leaf venation and teeth. They have pinnate veins,
semicraspedodromous secondary veins and serrate theoid teeth having
clear, deciduous setae (Plate I, 4-8; Platell, 3,4, 6, 8,15, 17, 18). After the
setae drop off, the apices resemble glands (Plate I, 4, 6; Plate II, 3, 4, 8, 15,
17). However, fossil leaves from the middle Miocene of Zhenyuan are
significantly different from the extant species of the genus. The ratio
of the lamina length/width and number of teeth per cm are about 1
and 5, respectively, while those of the East Asian and Australian species
and C. pringlei (distributed in Central Mexico) are above 1.2 and 2-4, re-
spectively (Table 1). Leaf morphological characters of the North
American species Celastrus scandens L. are very similar to those of
Celastrus orbiculatus Thunberg, so it is distinct from the fossil leaves.
Leaves of other extant species distributed in Central and Southern
America are elliptic, ovate-elliptic, ovate, oblanceolate-oblong and ob-
ovate, and their margins are serrulate or almost entire (Hou, 1955).
Leaves of Celastrus obovatifolius X.Y. Mu et Z.X. Zhang are obovate, but
the proximal part of their secondary veins are curved (Mu et al., 2012a).
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Plate I. Leaves of Celastrus caducidentatus from the middle Miocene of Zhenyuan, China. 1 and 2: compressed (paratype) and impressed (holotype) leaf fossil, respectively; 3: illustration of
veins of Fig. 1; 4 and 6: deciduous teeth; 5 and 7: theoid tooth with clear, deciduous seta; 8: magnification of Fig. 7; 9: quaternary and freely ending veins; 10: drawing of quaternary and
freely ending veins based on Fig. 9. Black and yellow arrows show theoid tooth with clear, deciduous seta and theoid tooth without seta, respectively. White arrow shows principal veins of
teeth terminating at apex. Scale bars: 1,2 =3 cm; 4 =2 mm; 5 = 1 mm; 6 = 0.5 mm; 7 = 0.2 mm; 8 = 0.1 mm; 9 = 2 mm.

Leaves of C. caducidentatus are easily distinguished from other fossil
species by their secondary vein framework, leaf margin and leaf shape.
Their leaves possess semicraspedodromous secondary veins with
elongated arches and deciduous serrate teeth (Plate I, 1-7; Table 1).
Celastrus comparabilis Hollick, Celastrus confluens Knowlton, Celastrus
dignatus Knowlton, and Celastrus serratus Knowlton have leaves with
craspedodromous secondary veins, and triangular-serrate dentate
teeth, large and sharp pointed teeth, coarse teeth and dentate teeth, re-
spectively (Knowlton, 1902, 1919; Hollick, 1936; Wolfe, 1977). More-
over, C. confluens, C. dignatus, and C. serratus have more than ten pairs
of secondary veins. The major secondary vein frameworks of Celastrus
haddeni Knowlton, Celastrus lacoei Lesquereux, and Celastrus minutus
Friedrich are camptodromous (Knowlton, 1902; Lee and Knowlton,
1917; Bozukov, 2000). The leaf margin of C. haddeni is entire, while

that of C. lacoei is undulate and rounded. The number of secondary
veins in C. minutus is twice that of C. caducidentatus (Table 1). Leaves
of C. hesperius Knowlton and Celastrus simplex Berry have undulate-
teeth and an entire margin, respectively (Lee and Knowlton, 1917
Berry, 1939). Fossil leaves of Celastrus sp. from the Miocene of Spain
and Celastrus pseudo-ilex Ettingshausen from the Oligocene of England
are oblong and linear, respectively (Heer, 1862; Fernandez-Marrén
and Hably, 2005). Celastrus mioangulata Hu et Chaney has ovate or
broadly ovate leaves with round base and obtuse apex (WGCPC,
1978). Consequently, we assign the leaves from Zhenyuan to a new
species.

C. paniculatus Wildenow is divided into three subspecies based on leaf
shape: C. paniculatus ssp. paniculatus (obovate leaves), C. paniculatus ssp.
serratus (Blanco) Ding Hou, (ovate leaves) and C. paniculatus ssp.
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Fig. 3. Nearest living relative of Celastrus caducidentatus in leaf morphology shown by cluster analysis (between-groups linkage). Hou's (1955) subgeneric classification of Celastrus and

distribution are also shown in the tree.

multiflorus (Roxburgh) Ding Hou (elliptic leaves) (Hou, 1955). Transition-
al forms make it difficult to distinguish them (Zhang and Funston, 2008),
but C. caducidentatus is similar to C. paniculatus ssp. paniculatus in leaf
shape, leaf margin and secondary veins (Plate I, 1-3, 9, 10; Plate II, 1-5).
This close affinity with C. paniculatus ssp. paniculatus is supported by clus-
ter analysis (Fig. 3). Hence we ascribe the fossil to the subgenus Celastrus
series Paniculati.

4.2.  Palaeoclimatic
C. caducidentatus

and palaeobiogeographic  implications

of

The nearest-living-relative method is a powerful approach to obtain
qualitative and quantitative palaeoclimatic (or palaeoenvironmental)
information based on the assumption of similarity of a fossil taxon or
assemblage to its nearest living relative in morphological characters,
although it has some limitations and its accuracy and reliability depend
on geological age and identification of taxa and taphonomy
(Mosbrugger, 2009). As the nearest living relative of C. caducidentatus,
C. paniculatus ssp. paniculatus is mainly distributed in India and
Myanmar (Hou, 1955), which has a tropical climate. The presence of
the fossil species in Yunnan indicates that Zhenyuan possibly had a
warmer and more humid climate in the middle Miocene, and the
ancestor of C. paniculatus had probably appeared in East Asia in the
early Neogene.

Many Celastrus leaves have been found (Table 3). Celastrus had a
very wide distribution in the Cenozoic (Fig. 4). Plants of the genus pos-
sibly appeared in the Early Cretaceous of North America (Knowlton,
1919; Wolfe, 1960). They were present in Europe in the Paleocene
(Mai, 1995) and in East Asia by the Eocene (Huzioka, 1961). They
existed in Australia in the Oligocene (Ettingshausen, 1886), and also dis-
persed into Cuba in the Miocene (Berry, 1939), even though both

regions were surrounded by oceans. They persisted in Europe until the
Pliocene (Kovar-Eder et al., 2006). However, they disappeared at high
latitudes, and only remain at 47°N-40°S in America, Asia, Madagascar,
and Oceania at present (Hou, 1955) (Fig. 1).

North Atlantic Land Bridge between North America and Europe and
Bering Land Bridge between North America and East Asia played an im-
portant role in plant change (Tiffney, 1985; Manchester, 1999; Tiffney
and Manchester, 2001; Liang et al., 2010) so that Celastrus appeared in
Europe in the Paleocene and in East Asia in the Eocene (Fig. 4). And,
trans-oceanic dispersal is a probable explanation for occurrence in
Australia (Ettingshausen, 1886) and the affinity of the Southeast Asian
species (C. caducidentatus, C. paniculatus ssp. paniculatus) and the
Central American species (C. pringlei) (Fig. 3). It is even possible that
Celastrus migrated between Southeast Asia and Central America via
the transpacific route (Fig. 4) based on the morphology of the leaf
(Fig. 3) and DNA analysis (Mu et al., 2012b). It gradually evolved
different species to adapt to different climate. Consequently, the
transpacific dispersal also played an important role in plant dispersal
between Eastern Asia and America (Herrera et al,, 2011).
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Plate II. Venation and teeth of leaves of Celastrus. 1-5: Celastrus paniculatus ssp. paniculatus from Shuanjiang, Yunnan (No. 0655483); 6-9: C. gemmatus Loes.; 10-12: C. monospermus
Roxb.; 13-15: C. rosthraianus Loes.; 16-19: C. vaniotii (Lévl.) Rehd.. 2, 6, 10, 16: pinnate veins and serrate margin; 3, 4, 7, 8, 12, 15, 17, 18: theoid tooth and marginal tertiary veins; 5,
9, 14, 19: freely ending veinlets; Black and yellow arrows show theoid tooth with clear, deciduous seta and theoid tooth without seta, respectively. Scale bar: 1 = 10 cm; 2, 11-12,

15 =1cm; 3-5,7-9, 14, 18-19 = 0.5 mm; 6, 10, 13, 16 = 2 cm; 17 = 0.2 mm.
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Occurrences of Celastrus from the Early Cretaceous to Pliocene.

Species

Age

Formation/Locality

Reference

Celastrus herendeensis Hollick
Celastrus arctica Heer
Celastrus arctica Heer

Celastrus haddeni Knowlton
Celastrus hesperius Knowlton
Celastrus sp. Knowlton
Celastrus sp. Hollick
Celastrus sp. Knowlton
Celastrus lanceolatus Frider
Celastrus bruckmannifolia Berry
Celastrus minor Berry
Celastrus borealis Heer
Celastrus culveri Knowlton
Celastrus curvinervis Ward

Celastrus ellipticus Knowlton
Celastrus eolignitica Berry

Celastrus ferrugineus Ward
Celastrus ferrugineus Ward

Celastrus gaudini Lesquereux

Celastrus grewiopsis Ward

Celastrus inaequalis Knowlton

Celastrus lindgreni Knowlton

Celastrus montanensis Knowlton
et Cockerell

Celastrus pterospermoides Ward

Celastrus serratus Knowlton
Celastrus sp.
Celastrus sp. Knowlton

Celastrus taurinensis Ward

Celastrus veatchi Hollick

Celastrus wardii Knowlton et
Cockerell
Celastrus winchesteri (Knowlton)
MacGinitie
Celastrus comparabilis Hollick
Celastrus confluens Knowlton
Celastrus preangulata MacGinite
Celastrus typica (Lesquereux)
MacGinitie
Celastrus minutus Friedrich
Celastrus de stefanii Principi
Celastrus hippolyti Ettingshausen
Celastrus sordidus Saporta
Celastrus sp.
Celastrus pseudo-ilex
Ettingshausen
Celastrus prae-europaeus
Ettingshausen
Celastrus prae-elaenus
Ettingshausen
Celastrus lefroyi Ettingshausen
Celastrus spokanensis Berry
“Celastrus” oxyphyllus Unger

“Celastrus” pyrrhae Ettingshausen

Early Cretaceous
Late Cretaceous
Late Cretaceous

Late Cretaceous

Late Cretaceous
Late Cretaceous
Late Cretaceous
Paleocene
Lower Eocene

Eocene
Eocene
Eocene

Eocene
Eocene

Eocene
Eocene

Eocene
Eocene
Eocene
Eocene
Eocene

Eocene

Eocene
Eocene
Eocene

Eocene

Eocene
Eocene
Eocene
Eocene

Eocene

Middle Eocene
Middle Eocene
Middle Eocene
Late Eocene
Early Oligocene
Oligocene

Oligocene

Oligocene
Oligocene

Oligocene

Early Miocene
Early Miocene

Early Miocene

Alaska, USA

Raritan: South Amboy, N. J., USA

Magothy: Little Neck, Northport Harbor, Long Island, N. Y.;
Black Rock Point, Block Island, R. L;

Little Round Bay, Severn River, Md., USA

Vermejo: Coal Creek, Rockvale, Colo., USA

Mesaverde: Harper, Wyo., USA

Raritan: Tottenville, Staten Island, N.Y., USA

Vermejo: Vermejo Park, N. Mex., USA

Eisleben, Germany

Wilcox (Holly Springs): Holly Springs, Marshall County, Miss., USA

Kenai: Nenana coal field, Tanana region, Coal Creek, Alaska, USA

Fort Union: Elk Creek, Yellowstone National Park, USA

Fort Union: Burns's ranch, near Glendive, USA

Bull Mountain field, Mont., USA

near Moreau River, S. Dak., USA

Lance: West of Miles City, Mont.USA

Fort Union: Elk Creek, Yellowstone National Park, USA

Wilcox (Holly Springs): Early Grove, Marshall County, Miss.USA
Lagrange: Near Grand Junction, Fayette County, Tenn., USA

Fort Union: Burns's ranch and Iron Bluff, near Glendive and Bull Mountains, Mont.,
USA

Minturn, 8 miles northeast of Parkman, and Table Mountain, near Black Buttes, Wyo.,
USA

Denver: Golden, Colo., USA

Fort Union: Burns's ranch, Glendive, Mont., USA

Fort Union: Elk Creek, Yellowstone National Park., USA

Payette: Idaho City, Idaho, USA

Fort Union: Burns's ranch, near Glendive and Bull Mountain field, Mont., USA
McCord coal bank, Cannonball Kiver, N. Dak., USA

Lance: Cannonball River, N. Dak., USA

west of Miles City, Mont., USA

Fort Union: Burns's ranch and Iron Bluff, near Glendive, Bull Mountains, and 6 miles
west of Jordan, Mont., USA

near Kirby and Rock Springs area, Wyo., USA

Lance: West of Miles City, Mont., USA

Raton: Primero and Woolton, Colo., USA

Yubari, Hokkaido, Japan

Skykomish, Snohomish County, Wash., USA

Raton: Near Yankee, N. Mex., USA

Fort Union: Bull Mountains and Burns's ranch, near Glendive, Mont., USA
Ilo Post Office, Big Horn County, Wyo., USA

Wilcox: Coushatta, La., USA

Lance: Near Ilo Post Office, Big Horn Basin, Wyo.

Wilcox: Coushatta, La., USA

Lagrange: Near Trenton, Gibson County, Tenn., USA

Wilcox: (Holly Springs): Early Grove, Marshall County, Miss., USA

Fort Union: Iron Bluff, Glendivc, and Miles City, Mont.

Lance: Signal Butte, Miles City, Mont., USA

Parachute Creek, Colorado, USA

Wyoming, USA

Gulf of Alaska, USA

John Day Basin, Oregon, USA

Nevada County, California, USA

Colorado, USA

Sachsen, Germany
Sassello, Piedmont Basin, Central Liguria, NW Italy
Santa Giustina and Sassello, Piedmont Basin, Central Liguria, NW Italy

near Eugene, Oregon, USA
Bovey Tracey, England

Vegetable Creek, near Emmaville, N.S.W., Australia

Douglas County, Washington, USA

Lipovany, Southern Slovakia

Znojmo, Moravia, Czech Republic

The main coal seam (Libkovice and Lom Members) in the Most Basin (Czech
Republic)

(Wolfe, 1960)
(Knowlton, 1902, 1919)
(Knowlton, 1919)

(Lee and Knowlton, 1917;
Knowlton, 1919)
(Knowlton, 1919)
(Knowlton, 1919)
(Knowlton, 1919)

(Mai, 1995)

(Knowlton, 1919)

(Knowlton, 1919)

(Knowlton, 1919)
(Knowlton, 1919)

(Knowlton, 1919)
(Knowlton, 1919)

(Knowlton, 1919)
(Knowlton, 1919)
(Knowlton, 1919)
(Knowlton, 1919)
(Knowlton, 1902, 1919)
(

(

Knowlton, 1919)
Knowlton, 1919)

(Knowlton, 1919)

(Knowlton, 1919)
(Huzioka, 1961)
(Knowlton, 1919)

(Knowlton, 1919)

(Knowlton, 1919)

(Knowlton, 1919)
(MacGinitie, 1969)
(Wolfe, 1977)
(Knowlton, 1919)
(MacGinitie, 1941)
(MacGinitie, 1953)
(Bozukov, 2000)
(Bonci et al., 2011)
(Retallack et al., 2004)
(Heer, 1862)

(Ettingshausen, 1886)

(Hoffman, 1932)
(Sitar and Kvacek, 1997)

(Teodoridis and Kvacek, 2006)
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Species

Age

Formation/Locality

Reference

Celastrus aralensis Budantsev

Celastrus bruckmanni Alex Braun

Celastrus comparabilis Hollick

Celastrus crassifolius Chen H.
Wang

Celastrus dianae Heer

Celastrus dignatus Knowlton

Celastrus fraxinifolius Lesquereux

Celastrus lacoei Lesquereux

Celastrus minutus Friedrich

Celastrus simplex Berry

Celastrus typica (Lesquereux)
MacGinitie

Celastrus parvifolius Jennings

Celastrus decidousseratus sp. nov.

“Celastrus” europaea Unger

Celastrus moravicus Knobloch

Celastrus mioangulata Hu et
Chaney
Celastrus palibinii Kutuzk

Celastrus sp.
Celastrus sp.
Celastrus sp.

Celastrus sp.

Celastrus sp.

Celastrus sp.

Celastrus confluens Knowlton

Celastrus fernquisti Knowlton

Celastrus lacoei Lesquereux

Celastrus sp.

Celastrus sp.

Celastrus sp.

Celastrus australis Harvey et F.
Mueller

Celastrus gardonensis

Celastrus poly-morphum

Early Miocene

Miocene
Miocene
Miocene

Miocene
Miocene
Miocene
Miocene
Miocene
Miocene
Miocene

Miocene

Middle Miocene
Middle Miocene
Middle Miocene

Middle Miocene

Middle/Late
Sarmatian
Lower Miocene
Middle Miocene
Middle Miocene

Middle Miocene
Middle Miocene
Miocene

Late Miocene
Late Miocene
Late Miocene
Late Miocene
Late Miocene
Late Miocene
Early Pliocene

Altyn-Shokysu-East, Kazakhstan
Ashutas, Kazakhstan

Calvert: Richmond, Va., USA
Yakutat Bay, Alaska, USA
Dettighofen, Germany

Atanekerdluk, Greenland

Mascall: Van Horn's ranch, John Day Basin, Oreg.
Florissant, Colo., USA

Florissant, Colo., USA

Satovcha Graben (Western Rhodopes), Bulgaria
Matanzas, Cuba

Beaverhead County, Montana, USA

Missoula, Florissant, Colorado, USA
Sanzhangtian, Zhengyuan, China
Parschlug flora, Austria

Znojmo, Moravia, Czech Republic

Shangwang, Shangdong, China
Armavir flora

Magyaregregy, Austria
Erdobénye
Parla, Madrid basin, Spain

Taiwan, China

Khanka, Russia

Nezhino, Primorye, Russia

Whitebird, Latah, Idaho, USA

Spokane Coeur d'Alene, Latah, Idaho, USA

Spokane Coeur d'Alene and Payette, Latah, Idaho, USA
Brandywine, Maryland, USA

Chiuzbaia, Maramures, Romania

Makrilia flora, Crete, Greece

Papiol, Spain

(Bruch and Zhilin, 2007)

(Knowlton, 1919)
(Hollick, 1936)
(Scheid, 1929)

(Heer, 1883)

(Knowlton, 1902, 1919)
(Knowlton, 1919; Hollick, 1929)
(Knowlton, 1916, 1919)
(Bozukov, 2000)

(Berry, 1939)

(Becker, 1969)

(Jennings, 1920)

this study

(Mai, 1995)
(Ferndndez-Marrén and Hably,
2005)

(WGCPC, 1978)

(Mai, 1995)

(Erdei et al., 2007)

(Mai, 1995)
(Ferndndez-Marrén and Hably,
2005)

(Huang, 2011)

(Pavlyutkin, 2005)
(Pavlyutkin, 2009)

(Ashlee, 1932)

(McCartan et al., 1990)
(Macovei and Givulescu, 2006)
(Mai, 1995)

(Kovar-Eder et al., 2006)
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Fig. 4. Map shows migration routes of Celastrus from the Paleocene to Miocene. Celastrus paniculatus1 includes C. paniculatus ssp. serratus (Blanco) Ding Hou with ovate leaves and
C. paniculatus ssp. multiflorus (Roxb.) Ding Hou with elliptic leaves, and Celastrus paniculatus2 is C. paniculatus spp. paniculatus with obovate leaves.
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