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Metasequoia glyptostroboides Hu et W.C.Cheng (Cupressaceae) is a relic plant with a narrow natural distribution
in central China. Historically, the genusMetasequoiaHu etW.C.Cheng has rich fossil records from the Cretaceous
to the Pleistocene in the Northern Hemisphere, but fossil records of Metasequoia in China are still rare, which
limits our knowledge of its biogeographic history under paleoenvironmental changes. Here, we describe leaves
including cuticles and ovuliferous cones from the middle Miocene of Zhenyuan, Yunnan, Southwest China, com-
prising the southernmost fossil record of the genus worldwide. Judging by the great morphological similarity
between these fossils and extant M. glyptostroboides, we identify them as Metasequoia sp. (cf. Metasequoia
glyptostroboides). The material documents obviously a long lasting morphological stasis within the genus.Meta-
sequoia sp. (cf.M. glyptostroboides) considerably expands the spatial distribution range ofMetasequoia in the geo-
logical past. Furthermore, possible reasons for its disappearance in Southwest China are discussed. Together with
other evidence, it is concluded that the disappearance ofMetasequoia from Southwest China might be related to
the evolutionary stasis of Metasequoia, most likely preventing necessary adaptations of the plants to increasing
winter and spring aridity induced by the intensification of the Asianmonsoon in this region during the Neogene.

© 2018 Published by Elsevier B.V.
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1. Introduction

There are ~70 genera and ~627 species of living conifers distributed
widely in the world (Farjon, 2008). Even with much less species diver-
sity compared to angiosperms, conifers have a quite long evolutionary
history which can be dated back to the Pennsylvanian (Scott and
Taylor, 1983; Taylor et al., 2009). Among them, many living groups of
conifers that were once widely distributed and then became restricted
to small areas at the present day (Farjon, 2013). Therefore, it is of
great interest to explore the biogeographic history of conifers from the
perspective of paleoenvironmental and paleoclimatic changes in the
geological past, to better understand processes and mechanisms con-
trolling the spatial distribution patterns of coniferous plants.
Forest Ecology, Xishuangbanna
Mengla, Yunnan 666303, China.
xtbg.ac.cn (Z.-K. Zhou).
The genus Metasequoia Hu et W.C.Cheng of the Cupressaceae is a
paragon for biogeographic evolution during the Cenozoic followed by
a relic distribution area at present. The genus is well-known for its
rich fossil recordswithmore than 500 sites in theNorthern Hemisphere
ranging from the Late Cretaceous to the Pleistocene (Fig. 1) (Yang and
Jin, 2000; LePage et al., 2005). Metasequoia was established based on
fossils from the late Miocene of Japan by Miki (1941), but the type of
the extant species has priority over the fossil type according to nomen-
clatural rules (McNeill et al., 2012). Based on fossil records,Metasequoia
first appeared in the Late Cretaceous (LePage et al., 2005). Later on, it be-
came a common, occasionally predominant component, in many floras
of the Northern Hemisphere (Yang and Jin, 2000; LePage et al., 2005).
Metasequoia had a wide distribution range from mid latitudes to the
Arctic Circle during the Paleocene–Eocene Thermal Maximum (Leng
and Yang, 2009). Beginning with the Eocene–Oligocene transition
cooling, and markedly during the Plio-Pleistocene climatic decline,
Metasequoia retreated from the high latitude parts of its distribution
areas, only remaining in the mid latitudes in East Asia (Liu et al.,
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Late Cretaceous Paleogene Neogene QuaternarySanzhangtian Modern natural distribution

Fig. 1. The global distribution of modern native Metasequoia and fossilMetasequoia including Sanzhangtian fossils in this study. Fossil data is mainly based on LePage et al. (2005).
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2007). The youngest fossil record ofMetasequoiawas found in the latest
early Pleistocene of Japan (Momohara, 1994, 2005).

The only living species of Metasequoia glyptostroboides Hu et W.C.
Cheng (dawn redwood, a famous ‘Living fossil’) was first discovered in
Lichuan County, Hubei Province, Central China (Hu and Cheng, 1948).
Soon after that, M. glyptostroboides was widely planted around the
world. Commonly accepted as native forests with Metasequoia are oc-
currences in the border of the Hubei, Hunan provinces and Chongqing
Municipality (Fig. 1), which comprise an area of ca. 800 km2 under
humid conditions (Chu and Cooper, 1950; LePage et al., 2005; Leng
et al., 2007), and is similar to habitats of many relic plants in China
(Huang et al., 2015). The main population of about 30–40 trees in a 25
× 1.5 km zone occurs in the Shui-sha-ba Valley, Zhonglu Town, Lichuan
County, Hubei Province (LePage et al., 2005). Due to the supposed loss of
populations in historical time by human activities, native stands are ex-
tremely rare; therefore, they could most likely not exhibit the most
characteristic habitat conditions and the specific plant community in
which the relic conifer likely grew. Beside this stand, a couple of old iso-
lated individuals are known but not confirmed as native. Furthermore,
these trees including the type tree obviously lack the community
context.

It has been repeatedly deduced from suspected undisturbed smaller
forests that the species typically occupies riparian and swampy habitats
where it is likely associated with other periodically flood-tolerant
broad-leaved trees such as Acer, Castanea, Liquidambar, Nyssa, Populus,
Pterocarya, Quercus, and with the conifer Cunninghamia (Farjon, 2005).
Concluding from its relictual area,Metasequoia nowadays grows in the
zone of mixed mesophytic forests under warm-temperate and humid
climate with hot summers and cold winters (Farjon, 2005; Meyer,
2005). In stands such as in the Shui-Sha-Ba Valleywhere the individuals
are found on sides of hills and ravines, they are banded on sufficient hu-
midity (LePage et al., 2005) and acidic to neutral sandy soils (Farjon,
2005).

Although native to China, reliable Metasequoia megafossil records
from only nine localities ranging from the Late Cretaceous to themiddle
Miocene have been reported in this country to date, most of themwere
reported from the northern part of China (LePage et al., 2005). Recently,
numerous well-preserved leafy shoots and seed cones of Metasequoia
were discovered from the middle Miocene deposits in Sanzhangtian,
Zhenyuan County, Yunnan, Southwest China. They represent the first
Metasequoia fossil record in Southwest China and the southernmost fos-
sil record of the genus around the world (Fig. 1) to our current knowl-
edge. Herein, we describe morphological and leaf cuticular traits of the
fossil material in detail, our results show that the genus has remained
morphologically static at least since the early Neogene. Furthermore,
we discuss how this evolutionary stasis in combinationwith the biology
of the extant species was likely responsible for the disappearance of
Metasequoia in Southwest China under prevailing paleoenvironmental
and paleoclimatic conditions.

2. Material and methods

2.1. Fossil locality and geological setting

Specimens were collected from Sanzhangtian village, Zhenyuan
County, central Yunnan, Southwest China (24.10° N, 101.22° E)
(Plate I). The locality is situated in the Nanhao basin along the western
edge of the Ailaoshan-Honghe Belt (Bureau of Geology of Yunnan
Province (BGYP), 1970). The Neogene deposits in Sanzhangtian belong
to the Dajie Formation, which is assigned a middle Miocene age based
on plant assemblages and comparative stratigraphic studies to the cur-
rent knowledge (Ge and Li, 1999; Zhang et al., 2012; Wang et al., 2013;
Liang et al., 2016a,b). Two kinds of sedimentary facies are recognized in
the fossil-bearing succession: fluvial facies in the lower part and lacus-
trine facies in the upper part (Fig. 2). Detailed information on the
lithostratigraphic section is given in Wang et al. (2013). Metasequoia
fossil remains, i.e. leaves and seed cones (Plate II; Plate III), were
found in several layers of gray-white silty mudstones in fluvial facies,
and from gray colored carbonaceous mudstones in lacustrine deposits
(Fig. 2).

In recent years, numerous plant fossils representing other taxa have
been collected from the fossil site. Among them, Lauraceae leaves are
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Plate I. The fossil locality in Sanzhangtian village, Zhenyuan County, Yunnan, Southwest China. Yellow areas in map 2 are the Middle Miocene Dajie Formation.
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themost abundant, followed by Alangium (personal observation). Other
fossil-taxa have been reported, i.e., several bamboo species (Wang et al.,
2013), Palaeosorum (Jacques et al., 2013), Celastrus (Liang et al., 2016a),
Populus (Liang et al., 2016b), and Cladium (Liang et al., 2017).

2.2. Cuticle preparation and observation

The fossil material consists of well-preserved compressions of leafy
shoots including cuticles, and ovuliferous cones. The leaf cuticles were
preserved on almost all compressions (Plate IV; Plate V).

Fossil and extant cuticles were prepared by the methods described
by Leng et al. (2001), Leng (2005), andWang (2010). Accordingly, fossil
remains were treated successively with 20% hydrochloric acid (HCl) for
6 h, 40% hydrofluoric acid (HF) for 12 h, and 20% HCl for 2 h, in order to
dissolve and remove the adhering calcareous and siliceous material, af-
terwards fossils were rinsed in distilled water at least 3 times. The
cleaned leaf fragments were macerated with 3.5% sodium hypochlorite
(NaClO) solution for about 30 min to 2 h until they became white or
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Fig. 2. Stratigraphic section of the
translucent. Macerated fragments were immersed in distilled water
and the inner tissues of the leaves were removed using preparation
needles, leaving the separated upper (adaxial) and lower (abaxial) cuti-
cles. Extant leaves were immersed in 20% chromic anhydride (CrO3) so-
lution at room temperature for 4 days (Leng et al., 2001), isolated
cuticles were washed thoroughly in distilled water.

After the treatment both the cleaned fossil and extant cuticles were
stained in 1% aqueous solution of Safranin O for 3 min, they were
washed in distilled water, dehydrated in glycerin for 30 min, and then
mounted in glycerin jelly for light microscope examination. For Scan-
ning Electron Microscopy (SEM) examination, the isolated cuticles
were mounted on aluminum stubs, air-dried, and sputter-coated with
gold.

The gross-morphology of the fossils was photographedwith a Nikon
D700 camera, and the detailed morphology was studied under stereo
microscopes (Zeiss Discovery V20; Leica S8APO). The cuticle micromor-
phology was observed under light microscopes (Zeiss Axio Imager A2;
Leica DM750) coupled with digital cameras (Zeiss AxioCam MRc) and
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Plate II. Accumulations of leafy shoots (1, 2) and female cones (1, 3) of Metasequoia sp. (cf. M. glyptostroboides) from Sanzhangtian village, Zhenyuan County. Scale bars = 10 mm.
Specimen number: 1. SZT0144a; 2. SZT0056; 3. SZT0147b.
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under SEM (AMRAY-1000B; LEO 1530VP; Zeiss EVO LS10). All measure-
ments were made using a vernier caliper or ImageJ (http://rsb.info.nih.
gov/ij/). The morphological data in the brackets is the average. All mate-
rial is kept in the laboratory of Paleoecology Research Group,
Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences.

3. Systematic description

Order: CUPRESSALES Link 1829.
Family: CUPRESSACEAE Gray 1822.
Genus: Metasequoia Hu et W.C.Cheng 1948.
Species: Metasequoia sp. (cf. M. glyptostroboides Hu et W.C.Cheng

1948) (Plate II; Plate III, 1–3, 5–8; Plate IV, 1–4; Plate V, 1–6).
Specimens checked: SZT0055-1; 0056-1; 0056-2; 0056-3; 0056-4;

0056-5; 0057-1; 0058-1; 0058-2; 0058-3; 0061-1; 0071b; 0072a;
0073; 0074; 0075; 0091-1; 0098-1; 0107-1; 0116-1; 0116-6; 0116-7;
0116-8; 0116-10; 0118-1; 0120-1; 0120-2; 0121-1; 0121-2; 0122-2;
0124-1; 0126-1; 0126-2; 0126-3; 0127-1; 0129-1; 0129-2; 0130-1;
0133-1; 0134-1; 0134-2; 0134-3; 0134-4; 0134-6; 0135-1; 0135-4;
0135-7; 0141-2; 0142-1; 0142-2; 0144-2; 0144-3; 0145-2; 0145-4;
0145-5; 0146-1; 0146-3; 0147a-1; 0147b-2; 0147b-3; 0147b-4;
0147b-6; 0147b-10; 0147b-13; 0147b-14; 0157a-1.

3.1. Description

Leaves: Only simple leafy branches (short shoots) were found (Plate
II, 1–2; Plate III, 1–3). Branch axes are very slender, 0.6–0.8 mm thick,
bearing 18–29 pairs of leaves. Simple branches vary from 24.0 to 50.9
(38.1) mm in length, and 9.8 to 21.6 (14.6) mm in width. The outlines
of the simple branches are narrow elliptic to elliptic, with a length/
width ratio from 2.3 to 3.1 (2.6). The apical part of the shoots is
obtuse-shaped. Leaves are decussately arranged on simple branches
(Plate III, 1–3), and are twisted with their bases forming two oppositely
paired ranks (Plate III, 3). Leaves are spaced closely, and depart at angles
of 45°–60°, sometimes up to 90°, to branch axes.

Leaf shape ranges from elliptical to linear. Leaves are 4.5–18.0 (7.8)
mm long and 0.9–1.8 (1.2) mm wide, with length/width ratio of
3.6–13.3 (6.5). Leaves display parallel and smoothmargins, and a single
midvein. Leaf apices are rounded to bluntly pointed ormucronate (Plate
III, 1, 3). Leaf bases are rounded and twisted appearing as a very short
petiole (Plate III, 2, 3).

Leaf cuticles are very thin and brittle (Plate IV, 1–4). Leaves generally
bear two stomatal bands on the abaxial side, but in two cases the adaxial
site shows few stomata in the apical region. Due to the fragmentary
preservation of the cuticles it is impossible to verify if a leaf
is hypostomatic or amphistomatic when the apical region is not
preserved.

On the adaxial cuticle, ordinary epidermal cells are regularly arranged
in longitudinal rows, elongated along the long axis of the leaf, with
roughly rectangular outlines (Plate IV, 1; Plate V, 1, 3). The lateral cell an-
ticlines are generally fairly undulate, but can be slightly or seriously un-
dulate or occasionally straight (Plate IV, 1; Plate V, 1, 3). Polar anticlines
are straight or curved, oblique or at right angles to the lateral ones (Plate
IV, 1; Plate V, 1, 3). The ordinary epidermal cells are 47.1–68.2 (58.9) μm
long and 16.5–29.4 (22.5) μm wide, with length/width ratio of 1.8–3.9
(2.7). The anticlinal walls range from medium to thick (Plate V, 1, 3).

http://rsb.info.nih.gov/ij
http://rsb.info.nih.gov/ij


Plate III. Leafy shoots, leaves and seed cones of fossilMetasequoia sp. (cf.M. glyptostroboides) (1–3, 5–8) andmodernM. glyptostroboides (4, 9–11), all scale bars= 10mm. 1. A leafy shoot
with a base, SZT0055-1; 2. Leafy shoots, SZT0056-3, 4, 5; 3. Detailed viewof a leafy shoot, showing the decussate arrangement of the leaves (white triangles) on the branch axes, SZT0056-
1; 4. Extant leafy shoots, showing the decussate arrangement of the leaves (white triangles), BJBG-001; 5–6. Seed cone (white arrow) with a peduncle (black arrow), SZT0147b-13,
SZT0147a-1; 7. Surface view of a seed cone, white arrow indicates a scale, black arrow indicates a peduncle, SZT0147b-4; 8. Longitudinal section view of a seed cone, white arrow
indicates a cone scale, black arrow indicates a peduncle, SZT0071b; 9–11. Extant seed cone, white arrows indicate the cone scale, black arrows indicate the peduncle, white triangles
indicate leaves, NJ-M5-FC001, NJ-M4-FC001, JP-FC001.
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The internal surfaces of periclinal walls are medium to finely granular
(Plate V, 1, 3). Crystal cuticular tubercles are sometimes present (Plate
V, 3). Adaxial stomata are arranged in narrow bands composed of one
to three rows. Stomatal complexes of the adaxial side are monocyclic.
Stomata pori are oriented parallel to the leaf midrib.

The abaxial cuticle is composed of two stomatal zones and three
non-stomatal zones. Non-stomatal zones lie along the midvein and
leaf margins (Plate IV, 1; Plate V, 2). Those along the leaf margins are
broader than those along the midveins. The periclinal walls of abaxial
cuticles are of the Even Type (Plate IV, 1, 4; Plate V, 2, 4–6) and Uneven
Type (Plate IV, 2, 3). Both types are not present in one leaf. The periclinal
walls of the uneven type cuticles were ornamented bymany large-sized
papillae (Leng et al., 2001), which make outlines of epidermal cell
walls undistinguishable (Plate IV, 2–3). Ordinary epidermal cells of
non-stomatal zones are similar to those on the adaxial side in micro-
morphology and arrangement, except for the commonly slightly undu-
late cell anticlines of the abaxial side (Plate IV, 1, 3; Plate V, 2). Abaxial
ordinary epidermal cells are 35.3–78.2 (55.6) μm long and 13.0–18.2
(15.1) μm wide, with length/width ratio of 2.2–5.5 (3.8). The width of
stomatal zones in themiddle part of the leaves is about 420 μm. Stomata
are irregularly arranged in up to 8–9 longitudinal rows within a band.
Stomata are oriented parallel to the long axis of the leaf (Plate IV, 1–4;
Plate V, 2, 4). Ordinary epidermal cells of stomatal zones in the Even
Type cuticles are short rectangular, isodiametric quadrangular or polyg-
onal in shape, 22.3–36.3 (28.7) μm long and 14.5–24.4 (19.7) μm wide
(Plate IV, 4; Plate V, 4–6).

Stomatal complexes of the abaxial side are not typically monocyclic
(Plate IV, 4; Plate V, 4–6). The subsidiary cells are quite similar to the



Plate IV. Leaf cuticle of fossil Metasequoia sp. (cf. M. glyptostroboides) (1–4) and extant M. glyptostroboides (5–6) under light microscope (LM). Scale bars: 1 = 100 μm, 2–6 = 50 μm. 1.
Upper (left part) and lower (right part) cuticle connected through the leaf margin (lm), lower cuticle show stomatal zone (sz) and non-stomatal zone (nsz), white arrow indicates leaf
epiphytic fungi, black arrow indicates a stoma, SZT2-S; 2. Uneven Type lower cuticle of fossil leaves, showing prominent papillae (white arrow) by the protrusion of epidermal cell
walls, showing rectangular pori and the surrounding subsidiary cells with deeper color, SZT127-S-8; 3. Uneven Type lower cuticle of fossil leaves, showing stomatal zone (right) with
prominent papillae (white arrow) and non-stomatal zone (left), SZT091-S-5; 4. Lower cuticle of fossil leaves with Even Type in stomatal zone, showing rectangular pori and the
surrounding subsidiary cells with a little deeper color, SZT077-S-14; 5. Uneven Type lower cuticle of modern leaves, showing prominent papillae (white arrow) by the protrusion of
epidermal cell walls, 071106Y-02-c16; 6. Even Type lower cuticle of modern leaves, showing rectangular pori and the surrounding subsidiary cells with a little deeper color,
070903MPM-2.
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Plate V. Leaf cuticle of fossilMetasequoia sp. (cf.M. glyptostroboides) (1–6) and extantM. glyptostroboides (7–9) under scanning electronmicroscope (SEM). Scale bars: 1= 100 μm; 2, 3, 4,
7 = 50 μm; 5 = 10 μm; 6, 8, 9 = 20 μm. 1. Upper cuticle of fossil leaves, showing the slightly undulate to medium undulate lateral walls, SZT-EM-001; 2. Lower cuticle with Even Type,
showing one stomatal zone (sz) and two non-stomatal zones (nsz) with about five stomatal lines, white arrow showing a stoma, SZT-EM-002; 3. Amplification of the upper cuticle,
showing the undulate lateral cell walls, SZT-EM-001; 4. Stomatal zone with three to four stomatal lines of the lower cuticle with Even Type, white arrow showing a stoma, SZT-EM-
003; 5. Amplification of the Lower cuticle in (4), showing the guard cells bearing lateral frilled margins (white arrow) formed by cutinization, surrounded by six to seven subsidiary
cells, SZT-EM-003; 6. Amplification of the lower cuticle in (2), showing the guard cells (white arrow) surrounded by five subsidiary cells, SZT-EM-002; 7. Upper cuticle of modern
leaves, showing the strongly undulate lateral cell walls, MPM2-014; 8. Even Type lower cuticle of modern leaves, showing guard cell bearing prominent lateral frilled margins (white
arrow) formed by cutinization, xwu-b-002; 9. Uneven Type lower cuticle of modern leaves, showing prominent papillae (black arrow) by the protrusion of epidermal cell walls, white
arrow indicating a stoma, 10-nj-003.
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ordinary epidermal cells, usually 5–6 including two polar subsidiary
cells and 3–4 lateral subsidiary cells with 1 or 2 on one side and 2 on an-
other side of a stoma (Plate IV, 4; Plate V, 4–6). Polar subsidiary cells are
13.0–41.4 (26.8) μm long and 10.8–20.9 (15.9) μm wide, and lateral
subsidiary cells are 15.2–36.3 (27.1) μm long and 9.5–18.6 (13.3) μm
wide. Guard cells are slightly sunken (Plate V, 5–6). The periclinal
walls of the two guard cells form a rectangular porous (Plate V, 5–6),
25.4–36.5 (30.3) μm long and 7.3–11.6 (9.3) μm wide, with a length/
width ratio of 2.6–4.6 (3.3). The anticlinal walls of guard cells always
have lateral frilled margins formed by cutinization (Plate V, 5–6). The
periclinal walls of guard cells are finely granular (Plate V, 4-5).

Seed cones: Cones have peduncles (Plate III, 5–8). Almost intact pe-
duncles are up to 55mm in length. Cones are globose to ovoid or elliptic,
9.9–16.3 (12.1) mm in length and 7.6–14.3 (10.0) mm in maximum di-
ameter, with length/diameter ratio of 0.9–1.5 (1.2) (Plate III, 5–8). Each
cone has 7–10 pairs of decussately arranged scales (Plate III, 5–8). They
appear alternate in a lateral view of the cone (Plate III, 5, 7), while oppo-
site in a vertical view along the cone axis (Plate III, 6, 8). Cone scales are
peltate and horizontally elongated (Plate III, 7). The outer surfaces of the
scales have transverse medial grooves, and there is radiating ornamen-
tation from the center of grooves (Plate III, 7). Outer scale surfaces are
9.3–10.7 mm wide and 2.0–4.7 mm high. The scales are 3.3–6.2 mm
long in longitudinal section, broadest at the cone margin, and narrow
conspicuously towards the axis (Plate III, 8).

4. Comparison and discussion

4.1. Systematic determination and morphological comparison

Characters of leafy shoots, including the cuticle micromorphology of
the leaves and gross-morphology of seed cones, unambiguously refer
the fossils from Sanzhangtian to the genusMetasequoia. Both the decus-
sate phyllotaxis of leaves and seed cone scales are crucial characters for
the systematic determination. Similar cupressoid genera with more or
less globose seed cones with decussate phyllotaxis such as Fokienia A.
Henry et H.H.Thomas and Chamaecyparis Spach are distinct in having
non-pedunculate seed cones and a clearly visible central mucronate
umbo (bract tip) on the outer surface of the mature cone scales
(Farjon, 2005). Moreover, Chamaecyparis Spach has distinctly shaped
seed cone scales and on average fewer cone scales per seed cone
(Farjon, 2005). All other extinct and extant conifer genera are conspicu-
ously distinct.

Even though the high morphological similarity between our fossils
and extant M. glyptostroboides is evidently demonstrated, it cannot be
unambiguously shown that the fossils belong to the extant species.
The fossil material lacks information on pollen cones, pollen, wood
and seeds. Therefore, we cannot be sure if these organs are also identical
with those from the living species. Thus, we propose the ‘conformis’
prefix for species assignment of the fossils, namely Metasequoia sp.
(cf.M. glyptostroboides).

The Sanzhangtian fossils differ from other fossil-species of Metase-
quoia in seed cone phyllotaxis, which is exclusively decussate in the
Sanzhangtian cones but mixed decussate–helical in the others. We fol-
low Liu et al. (1999) who merged more than 20 former fossil-species
into M. occidentalis (Newberry) R.W.Chaney. Currently, only two
fossil-species of Metasequoia are distinguished: M. occidentalis (includ-
ing M. foxii Stockey, G.W.Rothwell et Falder), and M. milleri G.W.
Rothwell et Basinger (Liu and Basinger, 2009). Both fossil-species are
considered to whole-plant taxa, i.e. assembled whole-plant species,
and can thus be compared with our fossil material.

Metasequoia milleri is exclusively reported from the type horizon,
the middle Eocene Allenby Formation near Princeton, British Columbia,
Canada (Rothwell and Basinger, 1979). This species is defined on pollen
cones with in situ pollen (Rothwell and Basinger, 1979), vegetative
body (Basinger, 1981) and seed cones (Basinger, 1984), all of which
are permineralized preservation. In the M. milleri pollen cone,
phyllotaxis is distinctly mixed decussate–helical (Rothwell and
Basinger, 1979) but seed cone phyllotaxis is only decussate (Basinger,
1984). Seed cones are up to 25 mm long and 17 mm wide having
20–30 cone scales (Basinger, 1984). Thus, they are larger than our ma-
terial and have markedly more scales. Complete comparison of the
Sanzhantian fossil to M. milleri is not possible because the pollen cone
is unknown from our fossil assemblage. However, based on seed cone
morphology we regard M. milleri as distinct species.

Metasequoia occidentalis is a widespread fossil-taxon that is known
from the Arctic zones as well as from temperate areas in North
America and Asia ranging from the Late Cretaceous to the Eocene (Liu
and Basinger, 2009). From several mass occurrences of organs of this
fossil-species it has been repeatedly demonstrated that this conifer ex-
hibits also helical phyllotaxis in seed and pollen cones beside the com-
mon decussate one. This is the main and discriminating character of
the species and distinguishes it from the Sanzhangtian material. It
may happen that in rather small assemblages seed coneswith decussate
phyllotaxis may occur exclusively and thus species affiliation could be
difficult. On the other hand, the exclusively decussate phyllotaxis of
the Sanzhangtian fossils is not an assemblage effect because this assem-
blage is rather largewith 31 seed cones. Thus, seed coneswith occasion-
ally helical phyllotaxis are excluded. Recently, several differences in leaf
cuticle and hypodermal morphologies among M. occidentalis records
from different ages and areas in the world have been found (Wang,
2010). It shows that M. occidentalis exhibits a distinct within-species
variability, but is remains to be tested whether it could be used to sub-
divide between at least two subspecies or varieties (Wang, 2010). Cutic-
ular characters are considered to be important for distinguishing
different (sub-)species of fossil conifers (Stockey et al., 2001; Leng,
2005; Wang, 2010). Finally, we could state that the fossil Metasequoia
from Sanzhangtian shares features both with fossil M. occidentalis and
extant M. glyptostroboides (Plate III, 4, 9–11; Plate IV, 5–6; Plate V,
7–9) (Liu et al., 1999; Liu and Basinger, 2009; Wang, 2010) which sug-
gests the phenomenon of a kind of stasis in the evolution of the genus.
4.2. Evolutionary history and morphological stasis of Metasequoia

Morphological–anatomical as well as molecular evidence clearly
placeMetasequoia as sister to Sequoia and Sequoiadendron in a subfamily
Sequoioideae (Gadek et al., 2000; Yang, 2005). Based on the fossil record
these lineages diverged at least in the earliest Late Cretaceous (LePage
et al., 2005). The earliest record of the genus dates back to the
Cenomanian in British Columbia (Canada) and in the Russian Far East
(for sites and references see LePage et al., 2005). Deciduousness of all
fossil Metasequoia species was never called into question but it was
often a matter of debate if deciduousness of this genus evolved when
occupying high latitude habitats with specific polar light conditions
(Vann et al., 2004).

Concerning the Late Cretaceous fossil material, a number of fossil-
species were proposed but later synonymized with M. occidentalis by
Liu et al. (1999), which is now considered the only one in the Late Cre-
taceous and early Paleogene. Metasequoia occidentalis was widespread
in North America and Asia with more than 100 published sites (see
lists in LePage et al., 2005). It is clearly distinctive from the living species
as not all seed cones exhibit decussately but helically arranged cone
scales. This feature can easily be recognized in larger assemblages as
about 20% of seed cones show helical phyllotaxis, whereas the remain-
ing cones have the ordinary decussate arrangement. However, most of
the morphological and anatomical characters of the fossil-species are
undistinguishable from those of the living species (Liu and Basinger,
2009). To data, the oldest species yields a conservative morphological
feature which links it to the Sequoia clade and the common ancestor
of both lineages.

The second fossil species,M. milleri, is based on pollen cones with in
situ pollen (Rothwell and Basinger, 1979). These pollen cones match



Plate VI. Comparison ofmeanmonthly precipitation (1)/temperature (2)/relative humidity (3) between Zhenyuan (ZY), Yunnan, Southwest China and Lichuan (LC), Hubei, Central China.
Data based on Central Meteorological Observatory of Wuhan, Hubei (1974, unpublished data, in Chinese), Yunnan Meteorological Bureau (1983), and the website of the National Mete-
orological Information Center (http://data.cma.cn/site/index.html).
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those of the living species in all features except sporophyll phyllotaxis
which is mixed helical – decussate in the fossil-species.

To summarize the two recognized fossil species, M. occidentalis and
M. milleri, significantly differ from the extant species only in phyllotaxis
of the seed cones and pollen cones, respectively. Most other characters
are indistinguishable from the living taxon which points to an 80 Ma
morphological stasis of the genus. Here we fully agreewith previous as-
sumptions made by Basinger (1984) and Liu and Basinger (2009). On
species level, the fossil record indicates particular change through the
geological time, i.e. the phyllotaxis of seed and pollen cones evolves
from occasionally helical to strictly decussate. According to the compre-
hensive review of the published records by Liu and Basinger (2009), the
youngest occurrence of helical seed cone scale arrangement is in the
early Oligocene (North America; Chaney, 1951).

Neogene records of a putative third fossil-species, M. disticha
(e.g. Miki, 1941), together with the here described Metasequoia sp. (cf.
M. glyptostroboides), exclusively showdecussate arrangement. It is notice-
able that strict decussate phyllotaxis occurs in more mid-latitude sites
under warm-temperate to subtropical climates but not in the high Arctic
zone. The Sanzhangtian material is indistinguishable from the living spe-
cies in terms of gross-morphological and cuticular characters. According
to the stratigraphic age of the Dajie Formation, at least 12Ma of morpho-
logical stasis of the genus and living species is evident. Thus,Metasequoia
alwayswas a comparably small genuswith very lowdiversity but exhibits
longevity of most of its morphological characters. The evolutionary stasis
of itsmorphology is also evidenced by other vascular group of plants such
as the fern family Osmundaceae (Bomfleur et al., 2014).
4.3. Biogeographic history in Yunnan: reasons for disappearance of
Metasequoia

Although Metasequoia has a quite long fossil history which dates
back to the Late Cretaceous and lasted until the Pleistocene (LePage
et al., 2005), fossil records in China, especially in the southern part of
China close to its natural extant distribution, are still quite rare
(Fig. 1). Metasequoia sp. (cf. M. glyptostroboides) from the middle Mio-
cene of Southwest China comprises of the southernmost fossil record
of Metasequoia in the world. From Southwest China fossil records of
some other conifers such as Cedrus (Su et al., 2013b) and Sequoia
(Zhang et al., 2015) have been reported, but evidently were not able
to survive there to present day. Metasequoia survived only in Central
China, and this raises important questions about the factors contribut-
ing to the disappearance and survival of these conifers in particular
areas of Southeast Asia.

Being similar to some other relic plants in China, Metasequoia sur-
vived in small areas that are distinguished by wet winters in warm-
temperate zones (Williams, 2005; Huang et al., 2015). The valley in
Lichuan County, Hubei Province, is the largest native region of modern
Metasequoia. The modern climate of Lichuan is humid ‘subtropical’,
and its vegetation is warm-temperate mixed deciduous forest (Tang
et al., 2011). The mean annual temperature (MAT) is 12.7 °C, rainfall is
seasonally distributed and the mean precipitation during the early
spring (March) ismore than 50mm(Plate VI) (Tang et al., 2011). For fo-
liation and seed germination of Metasequoia, which usually occurs in
early spring, moisture must be available. Without a certain amount of

http://data.cma.cn/site/index.html
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moisture, seeds of Metasequoia cannot germinate (Vann, 2005; You,
2008; Zhang, 2011) and seedlings cannot survive successfully (Xie
et al., 1999a,b). This should be crucial for its survival in the wild and
for the stability of natural populations.

The monsoon climate in East Asia, which increase precipitation sea-
sonality and is mainly characterized by wet summers and dry winters
(Wang, 2006), has intensified since the Miocene (Sun and Wang,
2005); however, it was not as strong as today (Wan et al., 2007),
which is evidenced by paleobotanical data, e.g., the Pliocene monsoon
climate was stronger than the late Miocene one, but was weaker than
nowadays (Xing et al., 2012; Su et al., 2013a). In Zhenyuan County,
the MAP is 1097 mm and 87% of the precipitation falls in the rainy sea-
son between May and October (Yunnan Meteorologic Bureau, 1983). It
is worthy of mention that, themeanmonthly precipitation in Zhenyuan
is extremely lowwith less than 35mmduring spring, compared to that
in Lichuanwith double that amount of monthly precipitation (Plate VI).
It is notable that the relative humidity in Lichuan is stable around the
year with the value of 80%, whereas this is variable in Zhenyuan County
with significant lower value of ~65% in spring (Plate VI).

Metasequoia is deciduous and sheds its leaves in November–
December, and it usually sprouts in earlyMarch (personal observation).
Cones ripen in early December and release their seeds in the late De-
cember and early January, followed by seed germination in April (infor-
mation from Shen-Hou Fan, the former director of Lichuan Native
Metasequoia Management Office). Jagels and Equiza (2007) suggested
that the ecological requirement of soil with a high moisture content
for seedling establishment may have restricted Metasequoia to dis-
turbed riparian zones in the geological past. Therefore, physiological
factors especially the drought-intolerant nature of the extant species
(Xie et al., 1999a,b; You, 2008; Zhang, 2011) is an important factor
that may have mainly caused the disappearance of Metasequoia as
well as other conifers such as Cedrus (Su et al., 2013b) and Sequoia
(Zhang et al., 2015) in Southwest China, a region that is characterized
by the intensification of the monsoon climate, which means that most
precipitation concentrated in summer, which lead to the extreme
drought during winter and the early spring since the Miocene.

Besides, some other factors especially the change of topography, may
have also contribute to disappearance ofMetasequoia in Southwest China.
The fossil site is located in thewestern slope of AilaoMountain, the south-
eastern marginal part of the Qinghai-Tibetan Plateau. The ongoing uplift
of Ailao Mountain, which might begun in the middle Miocene (Zhang
et al., 2012), changed the topography in that region significantly. The
presence of humid conditions during the spring that is suitable for the
survival of Metasequoia may have gradually disappeared. This is rather
similar to the conditions during the Pleistocene in Japan, when topo-
graphic changes and eustatic sea level events interfered with the immi-
gration of the genus to suitable habitats and thus caused the extinction
of populations in the Japanese archipelago (Momohara, 2005).

Generally, beyond its history in East and Southeast Asia, the evolu-
tion of Metasequoia during the Cenozoic is characterized by a loss of
habitats. As repeatedly shown, the genus was present in the Arctic
cool temperate zone during the Eocene, in temperate zones, e.g., in
Northeast China during the Paleogene as well as in nearly subtropical
areas in Southwest China during the Neogene (this paper; Fig. 1). Re-
maining extant habitats are exclusively in the temperate humid zone
in Central China. In the pastMetasequoiawas for instance a characteris-
tic element of themixed broad-leaved deciduous polar forest in the Late
Cretaceous and Paleogene, an extinct biome. In contrast, the mixedme-
sophytic forest, the present-day biome, to whichM. glyptostroboides be-
longs to, is an ecological niche inhabited at least since the Oligocene by
the genus (Fig. 1).
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