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Abstract The modern genus Dacrycarpus (Endl.) de Laub. of the family Podocarpaceae, containing nine species,
is mainly distributed in tropical mountain rainforests of the southwestern Paciﬁc region, ranging from New
Zealand to low‐latitude Asia. This genus has abundant fossil records in both hemispheres, but all the known
megafossils were limited to Australasia and South America. Here we report on Dacrycarpus guipingensis sp. nov.
from the Miocene Erzitang Formation of Guangxi, South China. This is the ﬁrst megafossil of Dacrycarpus in the
Northern Hemisphere. The new species is represented by mummiﬁed dimorphic foliage, ovuliferous shoots, and a
male cone with in situ pollen. It resembles the extant Dacrycarpus imbricatus (Blume) de Laub., which is common
in rainforests from southern China and northern Myanmar to Fiji. This paper presents the ﬁrst data on the
anatomical structure of seed cone and exine ultrastructure of Dacrycarpus in situ pollen grains from a fossil
material by using computed tomography scanning and ultrathin sectioning. For comparative purpose, data on
the pollen morphology and ultrastructure were obtained for modern D. imbricatus for the ﬁrst time. The
D. guipingensis fossils strongly suggest the Miocene arrival of Dacrycarpus in Asia from the Southern Hemisphere.
Based on the modern ecological niche and related fossil elements, this fossil locality was probably covered by
conifer–broad‐leaved mountain rainforests during the Miocene.
Key words: cone, Dacrycarpus, in situ pollen, Miocene, Podocarpaceae, South China.

1 Introduction
Dacrycarpus (Endl.) de Laub. is a genus of dioecious or,
less commonly, monoecious shrubs and medium‐sized to
giant evergreen trees that include nine living species
(Eckenwalder, 2009; Farjon, 2010). It is characterized by its
dimorphic foliage, warty podocarpium, and the union of the
fertile bract with the seed (de Laubenfels, 1969). This genus
is discontinuously distributed, mainly in the tropical mountain
rainforests from northern Myanmar and southernmost China
to Fiji and New Zealand, with the highest diversity in New
Guinea (de Laubenfels, 1988; Hill & Whang, 2000; Eckenwalder, 2009; Wilf, 2012) (Fig. 1). Only one species,
Dacrycarpus imbricatus (Blume) de Laub., occurs in South
China. Before the balanced treatment of Podocarpaceae by
de Laubenfels, Dacrycarpus was treated for many years as
representing the section Dacrycarpus within the genus
Podocarpus L'Hér. ex Pers. (de Laubenfels, 1969). Molecular
phylogenetic analysis supported the idea that Dacrycarpus
Month 2019 | Volume 00 | Issue 00 | 1–23

evolved as part of a clade containing Dacrydium Solander ex
Lambert and Falcatifolium de Laubenfels (Conran et al., 2000;
Knopf et al., 2012), which usually possesses long‐shoot/short‐
shoot diﬀerentiation and 90° rotated bilaterally ﬂattened
leaves (except for the adult foliage of Dacrydium, which has
acicular needles) (Knopf et al., 2012).
Prior fossil reports of Dacrycarpus include cones, leaves,
and pollen. Pollen records are continuously distributed from
the Cretaceous of the Antarctic Peninsula, southeastern
Australia, and New Zealand (Dettmann & Thomson, 1987;
Dettmann & Jarzen, 1991; Macphail et al., 1994) to the late
Miocene of New Guinea (Khan, 1976), the mid‐Pliocene of
Borneo and Philippines, and the Pleistocene of Java (Morley,
2011). Compared to fossil pollen, however, megafossil
records of Dacrycarpus have been missing from Asia and
Malesia, but indicate that the genus was previously widely
distributed in the Cenozoic ﬂoras of Australasia (Wells & Hill,
1989a; Hill & Carpenter, 1991; Hill 1994, 1995; Hill & Whang,
2000) and Patagonia (Florin, 1940; Wilf, 2012) (Fig. 1). The
© 2019 Institute of Botany, Chinese Academy of Sciences
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Fig. 1. World map showing the distribution of extant and megafossil Dacrycarpus. Modern distribution based on de Laubenfels
(1988). 1. Guiping, Guangxi, China (this paper). 2–17. All in Australia. 2. West Dale, Western Australia (Hill & Merriﬁeld, 1993). 3.
Paleodrainages, Lefroy and Cowan, Western Australia (Carpenter & Pole, 1995). 4. Bacchus Marsh, Victoria (Cookson & Pike,
1953; Hill & Carpenter, 1991). 5. Berwick Quarry, Victoria (Pole et al., 1993). 6. Balcombe Bay, Victoria (Lewis & Drinnan, 2013). 7.
Yallourn, Victoria (Cookson & Pike, 1953; Hill & Carpenter, 1991). 8. Elands, New South Wales (Hill & Whang, 2000). 9. Vegetable
Creek, New South Wales (Greenwood, 1987; Hill & Carpenter, 1991). 10. Morwell, Victoria (Hill & Carpenter, 1991). 11. Cethana,
Tasmania (Hill & Carpenter, 1991; Carpenter, 1991). 12. Little Rapid River, Tasmania (Wells & Hill, 1989a). 13. Regatta
Point, Tasmania (Jordan, 1995; Pole, 1998; Hill & Brodribb, 1999). 14. Monpeelyata, Tasmania (Wells & Hill, 1989a). 15. Pioneer,
Tasmania (Wells & Hill, 1989a). 16. Hasties, Tasmania (Pole, 1992a). 17. Loch Aber, Tasmania (Hill & Carpenter, 1991). 18.
Newvale Mine, New Zealand (Jordan, 2011). 19. Manuherikia Group, New Zealand (Pole, 1992b; Cookson & Pike, 1953; Wells &
Hill, 1989a, 1989b). 20. Coronel, Lota, Curanilahue, Peumo, and Minas Conquil, Chile (Florin, 1940a; Wilf, 2012). 21. Río Pichileufú
(Rfo Negro), Argentina (Wilf, 2012). 22. Laguna del Hunco (Chubut), Argentina (Wilf, 2012).
distinct geographic distribution range diﬀerences between
modern and fossil species implies that this genus is a good
example of migration over extreme distances and latitudinal
shifts in Gondwanan biogeography (Wilf, 2012). The earliest
Dacrycarpus megafossils found so far are from the Eocene of
Chile, Argentina, and Australia, which were mostly preserved
as leafy shoots and less commonly as reproductive organs
(Florin, 1940; Greenwood, 1987; Wells & Hill, 1989a; Hill &
Carpenter, 1991; Pole, 1992a; Wilf, 2012; Carpenter et al.,
2018). By the Oligocene, the megafossil distribution of
Dacrycarpus shows that it was mainly limited to southeastern
Australia and New Zealand (Cookson & Pike, 1953; Wells &
Hill, 1989a; Carpenter, 1991; Hill & Carpenter, 1991). Most
fossils of this epoch are leaf remains. The latest fossil records
are from the Miocene of Australia and New Zealand (Pole,
1992b; Hill & Whang, 2000; Pole, 2007; Lewis & Drinnan,
2013). It is worth mentioning that abundant Dacrycarpus
megafossils in southeastern Australia show a clear trend in
foliage evolution, including the reduction of the number of
bilateral leaves and the reduction of the stomata on the
abaxial surface of bifacial leaves (Hill, 1994; Scriven & Hill,
1997). So far, however, no megafossil record has been
reported from the Northern Hemisphere, resulting in an
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incomplete understanding of the origin of the modern
distribution pattern and phytogeographic history of
Dacrycarpus.
We here describe the ﬁrst Northern Hemisphere macrofossil material of Dacrycarpus preserved as shoots of multiple
types, ovuliferous cones, and pollen cone with in situ pollen,
which were discovered in the Miocene of the Guiping Basin,
Guangxi, South China. New Dacrycarpus megafossils from
southern China indicated that this transequatorial migration
event long post‐dates the India–Asia suture and probably
resulted from the collision of the Australian and Asian plates
after the late Oligocene. The Dacrycarpus phytogeographic
pattern indicates that taxa migrated from the Australian
region northward to Asia in response to the collision of the
Australian and Asian plates and its accompanying climate
change since the late Oligocene. The Dacrycarpus pattern
made an important contribution to the ﬂoral exchange
between Australia and Asia and the plant diversity of the East
Asia ﬂora (Wu et al., 2019). The aims of this study are to: (i)
undertake detailed morphological and anatomical examinations of 3‐D preserved Dacrycarpus fossil leaves, cones, and in
situ pollen for the ﬁrst time by light microscope (LM),
scanning electron microscope (SEM), computed tomography
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(CT) scanning, and ultrathin sectioning; (ii) describe a new
species by comparing with living and fossil species; and (iii)
discuss the evolution of Dacrycarpus and the paleoecological
implications of the fossil locality.

2 Material and Methods
2.1 Geological setting
Well‐preserved leafy shoots and cones of Dacrycarpus were
collected from the Erzitang Formation of the Guiping Basin,
Guangxi, South China (23°23′09.67″N, 110°09′55.21″E) (Fig. 2).
The age of the formation is Miocene, probably late Miocene,
according to the mammal data of Prolipotes yujiangensis
Zhou, Zhou & Zhao (Zhou et al., 1984; Zhao, 1988). The
Dacrycarpus fossils reported in the present paper were found
in a layer of brownish red mudstones and spotty brownish
red, yellow, and gray silty mudstones that also contain
abundant angiosperm leaves, stems, and 3‐D preserved fruits
and seeds, sterile and fertile fern fronds, and fossil woods. So
far, only Canarium guangxiensis Han & Manchester (Burseraceae) has been described in detail (Han et al., 2017).
2.2 Specimen preparation
Megafossils and living specimens were photographed using a
Zeiss Stereo Discovery V20 stereomicroscope (AxioCam HRc;
Carl Zeiss, Göttingen, Germany) in the Museum of Biology,
Sun Yat‐sen University (Guangzhou, China). Cuticles were
prepared by soaking leafy material in 10% hydroﬂuoric acid
for 12 h to remove siliceous particles, followed by a
treatment with Schulze’s solution (70% HNO3, saturated
with KClO3) for approximately 1 h and 5–10% KOH for 30 min
(Ye, 1981). At all stages, the material was washed several
times with distilled deionized water. After cleaning the
oxidized organic material, the cuticles were separated into
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two fractions under the stereomicroscope (S8 APO; Leica,
Wetzlar, Germany). For LM, a selection of prepared cuticles
were stained with 1% aqueous safranin O and mounted on
glass slides in glycerine jelly for viewing and photographing
with Carl Zeiss Axio Scope A1 LM (Carl Zeiss). The other
cuticles were placed on double‐sided adhesive tape on
standard copper plates, sputter‐coated with gold, and
examined with a JSM‐633OF SEM (JEOL Ltd., Akishima,
Tokyo, Japan) operated at 10 kV.
The present fossils were compared with all extant species
of Dacrycarpus as regards both macromorphology and
micromorphology. Most of the living specimens were
examined and collected from the Royal Botanic Garden
Edinburgh (Edinburgh, UK), and others were collected from
living trees or herbarium specimens at Sun Yat‐sen
University. Cuticle preparations were prepared by macerating in a mixed solution of 10% acetic acid and 10% H2O2 (1:1;
Lin, 2007). After treating with Schulze’s solution (30 min)
followed by 8% KOH (30 min), the cuticles were separated.
The procedures for staining, slides, and SEM preparation
were the same as those for the fossil cuticles. Microscope
slides and SEM stubs with material derived from the
specimens are currently housed at the Museum of Biology
of Sun Yat‐sen University.
We used a Tescan Vega XMU SEM (Brno, Czech Republic),
with an accelerating voltage of 20 kV (A. A. Borissiak
Paleontological Institute, Moscow, Russia (PIN)) in order to
observe the outer surface and cross‐section of foliar
material, and to take micrographs. In order to observe the
3‐D internal structure of the seed cone, it was scanned using
a Zeiss Xradia 520 Versa 3D X‐ray microscope with an
accelerating voltage of 80 kV at the Nanjing Institute of
Geology and Paleontology (Nanjing, China). Volume data
were processed using Avizo 9.1 (FEI, Hillsborough, Oregon,
USA) at the University of Florida (Gainesville, FL, USA).

Fig. 2. Map of the fossil locality of Dacrycarpus guipingensis sp. nov., showing the location of the Guiping Basin, Guangxi,
South China. Modiﬁed from Han et al. (2017).
www.jse.ac.cn
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Fig. 3. Short shoots of fossil Dacrycarpus guipingensis sp. nov. (A, B, D–F, H–K) and extant D. imbricatus de Laubenfels (C, G),
showing the transition from bifacially ﬂattened leaves to bilaterally ﬂattened leaves. A–C, Feather‐like short shoots of fossil
and extant Dacrycarpus. (A, Holotype. GP109; B, Paratype. GP053–1; C, E00127125) D, Enlargement of bilaterally ﬂattened leaves
in A, showing distichous bilateral falcate, decurrent leaves, which are strongly keeled with a single prominently raised vein and
ﬁnely mucronate apices. GP109. E, Enlargement of scale‐like leaves in A, showing scale‐like leaves spirally arranged along the
base of short shoots. GP109. F, G, Fossil and extant shoots with both bifacially and bilaterally ﬂattened leaves (F, Paratype.
GP108; G, E00127125). H, Detail of bifacial leaves tightly clasping the axis, with ﬁnely mucronate apices. Enlarged from F. GP108.
I, Details of bilateral leaves, enlarged from F. GP108. J, K, Resin ducts run through the midrib. GP128a, b. Scale bars: A, E, H,
J = 4 mm; B, D, I = 2 mm; C = 3 mm; F = 1.6 cm; G = 1.2 cm; K = 1 mm.
The general morphology of the fossil and extant pollen
grains was observed in transmitted light, using a Carl Zeiss
Axioplan 2 transmitted LM equipped with an AxioCam 105
digital camera at PIN. Fossil pollen grains were treated in
10% hydroﬂuoric acid for 12 h to remove siliceous particles
before they were observed by LM. Pollen grains of the
modern species were heated at 60 °C for a short time; this
was done because intact pollen grains have sacci ﬁlled with
air, which appear dark in transmitted light. Only after the
pollen grains were slightly degassed by heating, we
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managed to obtain their suitable images under LM. As the
pollen grains were very large, a series of images of some
pollen grains were processed with Helicon Focus 6.6.1
software to obtain images with a better focus. For SEM,
pollen grains of the modern species D. imbricatus were
dried in air, coated with Au‐Pd for 6 min, and observed
using a Tescan Vega SEM at PIN (accelerating voltage
20 kV). For transmission electron microscopy (TEM), groups
of pollen grains were embedded unstained in a mixture of
epoxy resins (Epon‐812, dodecenyl succinic anhydride,
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Fig. 4. Diﬀerent forms of long shoots in fossil Dacrycarpus guipingensis sp. nov. (A, C, D, F, H, I) and extant D. imbricatus (B, E, G).
A, B, Bifacial leaves tightly adpressed to the shoot, with a ﬁne mucronate apices (A, Paratype. GP199; B, E00127124). Arrows show
some reﬂexed leaves. C, Scale‐like leaves attached to the base of long shoot, enlarged from A. GP199. D, E, Fossil and extant old
shoots with triangular bifacial leaves and rounded scar (arrow) (D, Paratype. GP258; E, E00127124). F–H, Loosely adpressed bifacial
leaves spirally inserted, decurrent on the axis (F, Paratype. GP071; G, E00127124; H, Paratype. GP029). I, Resin ducts run through the
midrib (arrows). GP183. Scale bars: A = 4 mm; B, G, H = 3 mm; C = 2 mm; D, F = 8 mm; E = 6 mm; I = 1 mm.
methyl nadic anhydride, and an accelerator at 17:15:8:1
volume ratios) and cured for 48 h at 62 °C. Sections 70‐nm
thick were prepared using a Leica EMUC6 ultramicrotome
equipped with a diamond knife at PIN. They were viewed
and photographed on a Jeol JEM‐1011 (accelerating voltage
80 kV) TEM, at the Electron Microscope Laboratory,
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Lomonosov Moscow State University (Moscow, Russia).
The TEM is equipped with a side‐mounted Orius SC1000W
digital camera (11 megapixels, eﬀective 8.5 megapixels,
Gatan, Louisville, Kentucky, USA ); Digital Micrograph
version 2.0 (Gatan, Louisville, Kentucky, USA) software
was used. Composite images of entire sections were made
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Fig. 5. Continued
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from individual ultramicrographs of areas of sections using
Photoshop 7.0 (Adobe, San Jose, California, USA). Pollen
terminology follows Punt et al. (2007) and Hesse et al.
(2009). The extant species of Dacrycarpus were examined,
photographed, and measured from material housed at the
Herbarium of the Royal Botanic Garden Edinburgh (RBGE),
the Herbarium of the Russian Academy of Sciences – V. L.
Komarov Botanical Institute (LE), Sun Yat‐sen University
Herbarium (SYS), and the Herbarium of the South China
Botanical Garden (IBSC). Pollen grains of D. imbricatus used
in this study were obtained from material stored at LE
(Vietnam, Ha Giang Province, Pieng Luong Village; collectors
N. Q. Hieu, N. T. Hiep, N. N. Hung, T. Q. Ngan, T. P. Tuan;
04.2014; ﬁeld number CPC 7271).
All specimens are curated in the Museum of Biology, Sun
Yat‐sen University with collection numbers beginning GP.

3 Systematics
Order Araucariales Gorozh, 1904
Family Podocarpaceae Endlicher, 1847
Genus Dacrycarpus (Endlicher) de Laubenfels, 1969
Species Dacrycarpus guipingensis Wu & Jin, sp. nov.
Holotype GP109
Paratypes GP053–1, GP071, GP108, GP199, GP258
Derivation of name The epithet “guipingensis” refers to
the Guiping Basin, where the specimens were collected.
Type locality and horizon The Miocene Erzitang Formation, Guiping Basin, Guangxi, South China.
Diagnosis Foliage dimorphic, with bifacially ﬂattened leaves
on long shoots and bilaterally ﬂattened leaves on short shoots.
Leaves spirally inserted, decurrent, with single midvein and ﬁne
mucro. Central resin canal present. Leaves amphistomatic, with
two longitudinal stomatal bands occurring from leaf base to
apex on each leaf surface. Ovuliferous shoots composed of
spreading or clasping involucral leaves, an inverted ladder or
spherical podocarpium and seed cone. Seed cones terminal,
oval‐shaped, obovate, deployed singly or doubly (one aborted)
on a warty podocarpium. The testa consists of a thick
mesotesta layer and a thin endotesta layer. The exotesta
reduced. Pollen cone subtended by a short stalk with a few
small scales, microsporophylls helically arranged, triangular and
acute, each bearing two globular sporangia. Pollen trisaccate.
Description of fossil Dacrycarpus guipingensis sp. nov. This
species has two forms of shoots with occasionally attached
female and male cones. The foliage is spirally inserted,
decurrent on the axis (Figs. 3D, 3E, 3H, 4F) and strongly
dimorphic (Figs. 3A, 3F), consisting of bifacially ﬂattened
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“adult” leaves on long shoots (Figs. 4A, 4D, 4F, 4H) and
bilaterally ﬂattened “juvenile” leaves on feather‐like short
shoots (Figs. 3A, 3B, 3F). Short shoots are approximately
12–26 mm long × 5–10 mm wide. It is diﬃcult to determine
the length of long shoots due to incomplete preservation.
Leaves on short shoots generally show a complete transition
from bifacial to bilateral leaves (Figs. 3A, 3F), and leaves on
fertile shoots often display intermediate stages of this
transition (Figs. 5C, 5F). All foliage has a ﬁne mucro, resin
ducts, and a single midvein (Figs. 3D, 3H–3J, 4C, 4D, 4H, 4I).
Bilaterally ﬂattened leaves are distichous, falcate, straight
to slightly apically incurved, decurrent, and strongly keeled
with a single prominently raised vein (Figs. 3A, 3B, 3D). The
range of maximum length is 3.4–7.4 mm, the range of
maximum width is 0.6–1.1 mm, and the range of leaf length/
width ratio is 4:1–7:1. The leaves are amphistomatic, with two
longitudinal bands of stomata occurring from the leaf base
to the apex on each surface (Fig. 6A). Each band contains
one to ﬁve rows of stomata (typically two or three).
Stomatal long axes are parallel to the midvein (Fig. 6B).
Florin rings are prominent, sunken below the leaf surface
(Fig. 6D). Stomatal complexes are paratetracytic, elliptical,
with four to six subsidiary cells (mostly four). Adjacent
stomata of a row usually share one or two polar subsidiary
cells. The ﬂange between guard and subsidiary cells is well
developed, thin, and smooth. Polar extensions are well
developed. The epidermal cells are longitudinally aligned;
anticlinal walls are straight, smooth, and thin, but irregular
near the base of bilateral leaves (Fig. 6C). The leaf cross‐
section is ellipsoidal to rhomboidal, 440–470 µm high, up to
320 µm wide (Fig. 7A). The epidermis is covered by cuticle.
Hypodermis ﬁbers are up to 7 µm in diameter (Fig. 7B). The
vascular bundle is single and 30 µm wide (Fig. 7C). Tracheids
of the vascular bundle are 2–7 µm in diameter, and possess
scalariform wall thickenings (Fig. 7C). A transfusion tissue
forms an inverted U‐shaped arc surrounding the vascular
bundle adaxially and consists of large angular transfusion
tracheids up to 20 µm in diameter, with scalariform wall
thickenings (Figs. 7C, 7O, 7P). A resin canal is up to 100 µm in
diameter (Figs. 7A–7C). Only a palisade mesophyll was
occasionally observed in needle leaves (Fig. 7B). Cells of
the abaxial palisade mesophyll are 30–60 µm long. Cells of
the adaxial palisade mesophyll are approximately
15–30 µm long.
Bifacial leaves are small, scale‐like (Fig. 4C), triangular (Fig. 4D)
to linear‐lanceolate (Fig. 4C) or sometimes slightly falcated,
decurrent, loosely (Fig. 4H) to nearly appressed (Fig. 4A),
strongly keeled (Fig. 8E), spirally arranged on long shoots
as well as at the base of short shoots and fertile structures

Fig. 5. Ovuliferous shoots of fossil Dacrycarpus guipingensis sp. nov. (B–D, F–H) and extant D. imbricatus (A, E). A, Seed cone
showing the typical bract crest (arrow) along one side of epimatium. E00127174. B, Enlargement of seed cone in C showing the
similar bract crest (arrow). GP281. C, Well‐preserved ovuliferous shoot composed of immature seed cone, a podocarpium, and
short shoot with bifacial leaves. GP281. D, Seed cone deployed singly or doubly (one aborted, white arrow) on a warty inverted‐
trapezoidal podocarpium. Note the beak on the apex of seed cone (black arrow). GP278. E, Extant D. imbricatus shows the
similar ovuliferous structure. Arrows 1 and 2 show the beak on the apex of seed cone and aborted ovule, respectively.
E00127174. F, Ovuliferous shoot with mature seed cone. GP275. G, Enlargement of podocarpium and involucral leaves in E,
showing the warty globular podocarpium and the spreading or clasping involucral leaves (white arrows). GP275. H, Globular
seed cone and warty cylindrical podocarpium. GP283. Scale bars: A, E = 4 mm; B–D, F–H = 2 mm.
www.jse.ac.cn
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Fig. 6. Cuticles of bilateral leaves of fossil Dacrycarpus guipingensis sp. nov. (A–E) and modern D. imbricatus (F–K). A, Cuticle of
bilaterally ﬂattened amphistomatic leaf with two longitudinal bands of stomata occurring from leaf base to apex on each
surface. Stomatal long axes parallel to the midvein. GP138. B, Each band contains two rows of stomata. Enlarged from A.
GP138. C, Epidermal cell walls straight, longitudinally aligned, but irregular in the base of bilateral leaves. Enlarged from A.
GP138. D, Florin rings prominent, sunken below leaf surface. GP053. E, Stomatal complex paratetracytic, elongated, with four or
ﬁve subsidiary cells (mostly four). Polar subsidiary cells often shared between adjacent stomata in a row, scanning electron
microscope (SEM). GP002. F, Leaf amphistomatic, with two longitudinal bands of stomata on each surface. Each band
containing one to four rows of stomata. G, Enlargement of the stomatal bands in F, showing details of the stomata rows. H,
Enlargement of the stomata in G, showing details of stomata. I, Irregular epidermal cells in the base of bilateral leaves, SEM. J,
Details of stomatal bands, SEM. K, Enlargement of J, showing a stomatal complex, paratetracytic, elongate stomatal complex,
SEM. Scale bars: A = 1 mm; B, C, H = 20 μm; D = 40 μm; E, J, K = 10 μm; F = 500 μm; G = 200 μm; I = 100 μm.
(Figs. 3A, 4A, 4D, 4H, 5C, 5F). The leaf length is 2–3.5 mm and
the width is 0.4–0.8 mm. The apex is incurved and the margin is
entire. The leaves are amphistomatic. The stomata are conﬁned
to two more or less continuous bands on each surface; those of
the adaxial surface are narrower and shorter than on the abaxial
surface (Fig. 8A). The stomatal zone is one to four rows wide;
J. Syst. Evol. 00 (0): 1–23, 2019

the rows are parallel to the leaf longitudinal axis and separated
typically by one to four epidermal cells (Fig. 8A). Florin rings are
prominent (Fig. 8E). The stomata are paratetracytic, elliptical,
and with four to six subsidiary cells (mostly four). There are two
polar subsidiary cells; adjacent stomata in a row often show one
or two polar subsidiary cells. There are two to four lateral
www.jse.ac.cn
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subsidiary cells; periclinal walls are granular. Epidermal cells are
longitudinally oriented, with granular periclinal walls and smooth
anticlinal walls. A cuticular ﬂange on the anticlinal walls of the
epidermal cells is at least 2.5 µm thick (Figs. 8C, 8D). Leaf cross‐
section is triangular to rhomboidal (Fig. 7D). The epidermis is

Fig. 7.
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covered by a cuticle. The hypodermis consists of ﬁbers 3–5 µm
in diameter (Fig. 7G). The vascular bundle is single, central,
collateral, approximately 50–70 µm wide (Fig. 7E). Tracheids of
the vascular bundle are 2–7 µm in diameter, and exhibit
scalariform thickenings of walls. Transfusion tissue is developed

Continued
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adaxially to the vascular bundle and extends to the bundle
lateral sides (Fig. 7E). Transfusion tissue consists of large angular
transfusion tracheids up to 25 µm in diameter, with scalariform
wall thickenings (Figs. 7E, 7F). Phloem is not preserved. A large
resin canal (60–90 µm in diameter) is present below the vascular
bundle (Figs. 7D, 7E). Mesophyll is distinctly dimorphic only at
the leaf base, an abaxial palisade mesophyll and adaxial spongy
mesophyll are present (Fig. 7E). Cells of the spongy mesophyll
are up to 36 µm in diameter. Distally from the leaf base, only the
palisade mesophyll is developed. Cells of the abaxial palisade
mesophyll are up to 90 µm long; cells of adaxial mesophyll are
up to 38 µm long.
Abundant endophytic micromycetes were found on the
leaves of D. guipingensis (Fig. 9) and will be published in a
separate paper.
Ovuliferous shoots arising from the leafy long shoot are
composed of involucral leaves, a podocarpium, and a seed cone
(Figs. 5C, 5F). Involucral leaves are spreading or clasping the
basal half of the podocarpium (Figs. 5F, 5G); their length is
1.6–3.3 mm. Podocarpia are inverted ladder or spherical with a
warty, bumpy texture, 2.3–4.1 mm long, composed of at least
two expanded, fused leaves (Figs. 5D, 5G, 5H). Seed cones are
terminal, oval‐shaped, obovate, deployed singly or doubly (one
aborted ovule emerging at left (Fig. 5D) on a podocarpium,
5.6–6.2 mm long, consisting of an ovule, epimatium, and fertile
bract (Figs. 5C, 5D, 5F, 10E–10G). The inverted ovule is
surrounded by the epimatium being partly fused with the fertile
bract, forming a crest along one side of the epimatium that ends
in a sideways beak (Figs. 5B, 5D). Computer tomography showed
that the seed cone consists of nucellus remains and fertile bract
fused to the epimatium, which in turn is fused to the seed coat
(testa) (Fig. 10E). The epimatium contains numerous resin canals
ﬁlled by massive amber (Figs. 10C–10G). The testa consists of a
thick mesotesta layer and a thin endotesta layer (Fig. 10F). The
exotesta is reduced, as previously shown for the Dacrycarpus
seed cones by Melikian & Bobrov (2000).
An incompletely preserved pollen cone is subtended by a
short stalk with a few bifacially ﬂattened leaves, approximately
1.3 mm in diameter (Fig. 11B). Microsporophylls are helically
arranged, triangular and acute, each bear two globular sporangia
(Fig. 11C). The margin is frilled. Stomata are present on the
abaxial surface (Fig. 11D). Pollen grains have a prominent corpus
and three sacci (Figs. 12A, 12B, 12D, 13B). The pollen size
measured through two sacci and the corpus is approximately
30–37 µm, but precise measurements are diﬃcult to accomplish

because the sacci are strongly inclined towards the distal face
and mostly hidden under the corpus (Fig. 13A). The corpus is
24–27 µm in diameter, rounded in outline (Figs. 12E, 12J). The
surface of the corpus is areolate (Figs. 12C, 12I, 13C–13E); the
pattern is ﬁner over the proximal pole and coarser closer to
the equator (Fig. 13C), where the width of individual areolae is
approximately 1.2–1.6 µm. An impression mark is discernible in
some pollen grains (Fig. 13F). The visible length of the sacci is
approximately 6 µm in the proximal view. The distal leptoma is
concave and triangular (Fig. 13B). The sacci are folded at the
attachment to the corpus (Fig. 13C); their margins are in contact
(Figs. 12F–12H, 12K–12M, 13B).
The ectexine varies considerably in thickness: it is maximal in
areas of the sacci (Figs. 14D, 14E), intermediate proximally
(Fig. 14A), and thinnest distally (up to the total disappearance
over the leptoma, Fig. 14C). The proximal ectexine varies in
thickness from 2.1 to 2.7 µm. It appears to be composed of
densely packed folds approximately 0.45 µm wide. Small gaps
only rarely occur between the folds (Fig. 14A, lower left area of
the section). The summits of the folds form the areolate pattern
of the surface. The sacci are nearly completely ﬁlled with
ectexinal partitions (Figs. 14D, 14E). The endexine is more or less
constant in thickness, approximately 0.4 µm (Fig. 14A). Two or
three lamellae are discernible at the junction with the ectexine,
but the rest of this layer appears homogeneous (Fig. 14B).
Description of extant D. imbricatus in situ pollen grains
Pollen grains of extant D. imbricatus studied by us are
approximately 52–54 µm, with a corpus and three sacci (Figs.
12N, 15B, 15F). The corpus in dehydrated pollen is rounded (Figs.
12O, 15E) or rounded‐triangular (Fig. 15A), 29.8–37.3 µm in
diameter. The sacci are inclined towards the distal face (Figs.
12P, 15E, 15H). The sacci meet at the margins and seem to fuse
in some specimens in a way that the boundaries between sacci
are diﬃcult to discern (Figs. 15E, 15H). It seems that two wider
sacci and one smaller saccus are developed in some specimens
(Fig. 15F). The visible length of the sacci is approximately
6–9.4 µm in proximal view and approximately 21 µm in distal
view. The surface of the corpus is areolate (Fig. 15D); the
areolae are coarser towards the equator, approximately
1.4–2.3 µm wide (Fig. 15C). The distal leptoma is concave and
triangular (Fig. 15H, arrow), with a ﬁnely verrucate and wrinkled
surface (Figs. 15B, 15H). Groups of fused orbicules occur on the
surface of some pollen grains (Figs. 15F, 15G).
The cappa is approximately 2.1–2.4 µm thick. It includes a
prominent homogeneous tectum that passes into pillars at its

Fig. 7. Leaf anatomy of fossil Dacrycarpus guipingensis sp. nov. (A–G, O, P) and extant D. imbricatus (H–N). A, Ellipsoidal cross‐
section of bilaterally ﬂattened leaf, showing the whole resin duct. B, Detail of cross‐section shows the resin duct (arrow 1),
ﬁbers of hypodermis (arrow 2), palisade mesophyll (arrow 3), and cuticle (arrow 4). C, Detail of cross‐section shows a vascular
bundle and transfusion tissue (arrow 1) and resin canal (arrow 2). D, Triangular cross‐section of bifacially ﬂattened leaf shows
well‐preserved abaxial palisade mesophyll (arrow). E, Detail of cross‐section shows the adaxial spongy mesophyll (arrow 1), the
vascular bundle (arrow 2), resin duct (arrow 3), transfusion tissue (arrow 4), and the abaxial palisade mesophyll (arrow 5).
F, Enlargement of E, showing a transition from the tracheids of vascular bundle to transfusion tracheids with scalariform
thickenings. G, Detail of cross‐section shows an epidermis (arrow 1), hypodermis (arrow 2), and cells of abaxial palisade
mesophyll (arrow 3). H, Ellipsoidal cross‐section of extant bilateral leaf, showing the similar vascular bundle, transfusion tissue,
palisade mesophyll, and resin canal. I, Enlargement of H, showing a large resin canal, vascular bundle, and transfusion tissue.
J, Cross‐section of the bifacial scale‐like leaf. K, Enlargement of J, showing a large resin canal. L, Cross‐section of a bifacial
lanceolate leaf. M, N, Detail of L shows the hypodermis with strongly thickened and ligniﬁed cells. O, Large transfusion
tracheids with scalariform wall thickenings and hypodermis ﬁbers (arrow). P, Tracheids with scalariform wall thickenings. Scale
bars: A, D, E, J, L = 100 μm; B, G, I, K, O = 50 μm; C, M, N = 20 μm; F = 10 μm; H = 200 μm; P = 25 μm.
J. Syst. Evol. 00 (0): 1–23, 2019
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Fig. 8. Cuticles of bifacial leaves of fossil Dacrycarpus guipingensis sp. nov. (A–F) and modern D. imbricatus (G–L).
A, Amphistomatic leaf, stomata conﬁned to two more or less continuous bands on each surface, those on adaxial surface
narrower and shorter than on abaxial surface. Stomatal bands one to four rows wide, rows parallel to the leaf longitudinal
axis. GP286. B, Stomata are paratetracytic, elongated, with four or ﬁve subsidiary cells (mostly four). Epidermal cells are
longitudinally oriented. Enlarged from A. GP286. C, Inner surface of adaxial cuticle showing the stomatal band, SEM. GP286.
D, Inner surface of abaxial cuticle showing details of stomatal band, scanning electron microscope (SEM). GP286. E, Abaxial
leaf surface showing keel and prominent Florin rings, SEM. GP004. F, Adaxial leaf surface showing prominent Florin rings and
stomata sunken below the leaf surface, SEM. GP004. G, Leaf amphistomatic, adaxial surface bears fewer stomatal rows and
shorter stomatal bands. H, Stomatal bands are four rows wide; stomata paratetracytic, elongated. I, Leaf margin and stomata
of abaxial surface. Florin rings prominent, SEM. J, Adaxial leaf surface showing Florin rings and sunken stomata, SEM. K, Inner
surface of adaxial cuticle showing details of stomatal band, SEM. L, Inner surface of abaxial cuticle showing stomata and
diﬀerent shape of epidermal cells, SEM. Scale bars: A, G = 200 μm; B, C = 50 μm; D = 50 μm; E = 30 μm; F = 20 μm; H = 100
μm; I– L = 20 μm.
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Fig. 9. A, Fragment of the Dacrycarpus guipingensis sp. nov. shoot with damaged leaves. GP198. B, Two fungal fruiting bodies
placed on the inner surface of the cuticle; three elliptical spores are visible on the left part of the cuticle (light microscope).
C, Gap of the cuticle above the fungal fruiting body; elliptical spores are seen inside (scanning electron microscope). Scale bars:
A = 1 mm, B, C = 50 µm.
inner boundary (Fig. 16D); granules of approximately
0.2–0.7 µm occur between and below the pillars (Fig. 16C).
The foot layer is either lacking or indistinguishable from the
outermost lamella of the endexine (Figs. 16A–16C). The ectexine
appears somewhat diﬀerent closer to the equatorial area,
where it is composed of folds 0.2–0.4 µm wide (Figs. 16A, 16B);
granules are occasionally present at the base of the folds
(Fig. 16B). Summits of the folds form the areolate pattern of
the proximo‐equatorial surface, which is more distinct from the
pattern of the proximal surface. The sacci are covered by a
folded tectum of approximately 0.35–0.5 µm thick (Figs. 16A,
16C). Rare ectexine partitions are present in the saccus cavity
(Figs. 16A, 16C). Those that were cut transversely appear as

granules in sections. Some partitions were observed that rise
from the saccus ﬂoor. The ectexine reduces greatly in the
leptoma area (Fig. 16C). Approximately four lamellae are
distinguished in the upper portion of the endexine; the rest
of the layer appears homogeneous (Fig. 16B).

4 Discussion
4.1 Generic assignment
The typical features of the present fossil specimens are
distichous, bilaterally ﬂattened leaves, decurrent on the axis,
the orientation of paratetracytic stomata parallel to the long

Fig. 10. Three‐dimensionally preserved seed cone of Dacrycarpus guipingensis sp. nov. and its computed tomography scan.
GP067. A, Obovate seed cone showing the massive amber (amb) at the base (arrow). B, Computed tomography scan showing
the lateral view. C, D, Radial section. E–G, Transverse section. Scale bar: A = 2 mm. epi, epimatium; et, endotesta; f.b., fertile
bract; mp, micropile; mt, mesotesta; n.r., nucellus remains; r.d., resin duct.
J. Syst. Evol. 00 (0): 1–23, 2019
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Fig. 11. Pollen cones of extant Dacrycarpus imbricatus (A, E–G) and fossil D. guipingensis sp. nov. (B–D). A, Cylindrical pollen
cone with spirally attached microsporophylls. CPC7271. B, Incompletely preserved fossil pollen cone subtended by a short stalk
with a few bifacially ﬂattened leaves. GP285. C, Enlargement of microsporophylls in B, showing microsporophylls, which are
helically arranged, triangular and acute, each bearing two globular sporangia (arrows). GP285. D, Enlargement of
microsporophylls in C, showing stomata on abaxial surface. Margin frilled. GP285. E, Extant D. imbricatus shows the similar
base of pollen cone. CPC7271. F, G, Detail of microsporophyll. CPC7271. Scale bars: A = 4 mm; B, E = 1 mm; C = 0.4 mm;
D = 0.2 mm; F, G = 0.4 mm.
axis of the leaf, and especially the solitary seed cone
emerging from a swollen ﬂeshy receptacle, and each seed
cone containing one inverted ovule that is surrounded by an
epimatium. This assemblage of features indicates that these
fossils can be easily assigned to the Podocarpaceae (Dilcher,
1974; Greenwood, 1987; Wells & Hill, 1989b; Knopf et al., 2012;
Wilf, 2012).
These specimens have been placed in Dacrycarpus because
of the combination of characters of the foliage and cones.
The sharply dimorphic foliage is a unique characteristic; the
foliage includes spirally inserted bifacially ﬂattened “adult”
leaves on long shoots and bilaterally ﬂattened “juvenile”
leaves on short shoots (de Laubenfels, 1969; Wilf, 2012).
Although Acmopyle Pilger, Falcatifolium, and part of
Dacrydium also have long‐shoot/short‐shoot diﬀerentiation
(Mill et al., 2001; Knopf et al., 2012), they have scale or
acicular leaves that are not ﬂattened bifacially. Moreover,
additional foliar and cuticle features indicate the aﬃnity to
Dacrycarpus. In particular, these are the size of bilaterally
ﬂattened leaves, amphistomatic leaves, smooth anticlinal
walls, and the nearly symmetrical distribution of stomatal
bands on both sides of the midrib.
The ovuliferous structure, including a subtending leafy
branch, involucral leaves, a warty receptacle, and a terminal
seed cone with an inverted ovule, is typical of Dacrycarpus; in
particular, the distinctive bract crest formed by a fertile bract
fused to the epimatium can diﬀerentiate this genus from all the
other numbers of the Podocarpaceae (Eckenwalder, 2009; Wilf,
2012). Podocarpus, Dacrycarpus, Acmopyle, and the amphistomatic Nageia J. Gaertner are genera with a conspicuous ﬂeshy
receptacle (Knopf et al., 2012). Compared with the typically
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smooth receptacle of Podocarpus and the amphistomatic
Nageia species, Acmopyle is the only genus that shares the
warty receptacle formed by the swollen leaves subtending the
seed cone with Dacrycarpus. However, Dacrycarpus is diﬀerent
from Acmopyle in having subtending branches, aborted ovules
emerging from the podocarpium, distinct involucral leaves,
smaller size of the cone (Acmopyle about 6–22 mm long and
Dacrycarpus about 2.5–8 mm long), and especially the typical
bract crest (Eckenwalder, 2009; Wilf, 2012).
The incompletely preserved pollen cone has helically
arranged microsporophylls, typical bifacially ﬂattened leaves
at the base, and stomatal openings on the abaxial surface
(Fig. 9A). These features are consistent with those of living
Dacrycarpus. The fossil species is characterized by trisaccate
pollen grains, which are a typical feature of the Podocarpaceae and are known in three living genera (Microcachrys J.
Hooker, Microstrobos J. Garden and L. A Johnson and
Dacrycarpus) of this family. In particular, three sacci of pollen
grains of modern Microcachrys and Microstrobos show a
space between them and they appear smaller in comparison
to the corpus than those in pollen grains of any species of
Dacrycarpus (APSA Members, 2007). Sacci in pollen grains of
modern species of Dacrycarpus usually meet one another
laterally, although there is occasionally a space between
them (Cookson & Pike, 1953); however, sacci in pollen grains
of D. guipingensis always meet laterally, and among the three
genera this feature is only present in Dacrycarpus.
Furthermore, the genera Microcachrys and Microstrobos can
be distinguished from Dacrycarpus by the following character: stomata occur only on the adaxial surface of the
microsporophyll (Wells & Hill, 1989b; Hill & Whang, 2000).

J. Syst. Evol. 00 (0): 1–23, 2019

14

Wu et al.

Fig. 12. Pollen grains of Dacrycarpus guipingensis sp. nov. (A–M) and D. imbricatus (N–P), general morphology (light
microscope). A–D, Polar view. A–C, Diﬀerent foci of the same pollen. D, Helicon image. E, I, J, Pollen grain in polar position.
E, Helicon image. I, Proximal surface in focus. J, Note the thickness of the corpus exine (arrows). F–H, Polar view, sacci are
strongly inclined toward the distal pole. F, Boundaries between the sacci are distinct. G, Reticulation of one of the sacci is
evident. H, Helicon image of the pollen. K–M, Pollen grain in equatorial position. K, Thickness of the proximal exine is evident.
L, Note boundaries between the sacci. M, Thinned exine in the area of the leptoma is evident. N, Pollen grain in polar position,
distal view, focus on the sacci. O, Pollen grain in polar position, proximal view, focus on the corpus. P, Pollen grain in lateral
position, helicon image. Scale bar = 10 µm (all pollen grains are under the same magniﬁcation).
4.2 Comparison with living species
The discrimination between living species of Dacrycarpus
mainly relies on the combined general morphology of
vegetative and reproductive organs, such as the shape and
size of dimorphic leaves, ovuliferous shoots, seed, and pollen
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cones. Dacrycarpus dacrydioides (A. Rich.) de Laub. shares
many characteristics with D. guipingensis, including the adult
leaves clasping the twig tightly or loosely or spreading, the
similar size of the podocarpium and bilateral leaves, as well
as distichous bilaterally ﬂattened leaves. However, its seed
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Fig. 13. Pollen grains of Dacrycarpus guipingensis sp. nov., surface pattern (scanning electron microscope). A, Groups of pollen
grains, most of them show the proximal surface. B, Pollen grain in obliquely distal position, note three sacci meeting laterally
with their margins and a partly visible triangular leptoma (arrow). C, Pollen grain in equatorial position. D, Pollen grain in
proximo‐equatorial position, equatorial sculptural elements are more robust than those over the proximal area. E,
Enlargement of D showing the junction of a saccus and the corpus. F, Pollen grain in proximal position, sacci (small arrows) are
hidden under the corpus, an impression mark (arrow) is visible. Scale bars: A = 50 µm; B–D, F = 10 µm; E = 5 µm.
cones are smaller and the bifacial leaves are shorter than
those in the new fossil species (Wasscher) de Laubenfels.
Although D. steupii (Wasscher) de Laubenfels, D. vieillardii
(Parl.) de Laub. and D. kinabaluensis (Wasscher) de
Laubenfels have similar bifacial and distichous bilateral leaf
lengths to D. guipingensis, their mature foliage shows a
signiﬁcant diﬀerence: they have spreading acicular needles
(D. steupii and D. vieillardii) or thin and bilaterally ﬂattened
lanceolate leaves (D. kinabaluensis) (Wells & Hill, 1989b).
Among all the extant species, D. compactus (Wasscher) de
Laubenfels is the only species lacking bilaterally ﬂattened
leaves (de Laubenfels, 1969; Wells & Hill, 1989b; Hill &
Carpenter, 1991). Dacrycarpus expansus de Laubenfels and D.
cumingii (Parlatore) de Laubenfels diﬀer in that the involucral
leaves clasp all the podocarpium. In gross morphology,
D. cinctus (Pilger) de Laubenfels diﬀers from D. guipingensis,
except the seed cone length.
Among extant Dacrycarpus, D. guipingensis sp. nov. closely
resembles D. imbricatus in gross morphology. They share
several morphological characters: leaves are sharply dimorphic, bifacial leaves clasp the twig tightly or loosely or are
spreading, juvenile leaves are distichously arranged and
bilaterally ﬂattened, involucral leaves are spreading or clasp
part of the podocarpium, the size of microsporophyll and
seed cone, as well as a prolonged, ﬁne mucro that occurs in
www.jse.ac.cn

all foliage forms. Moreover, the length of the bifacial leaves,
the shoot subtending the podocarpium, and involucral leaves
fall within the range of those of D. imbricatus. The major
diﬀerences between D. imbricatus and D. guipingensis are
the size of the bilateral leaves and the podocarpium,
and these characters of new fossil species are smaller than
D. imbricatus.
We compared 24 cuticular features of D. guipingensis with
those of all the extant species of Dacrycarpus summarized by
Hill & Whang (2000). The results show that D. guipingensis
shares some characteristics with extant species, but there
are some diﬀerences. In particular, D. imbricatus var.
imbricatus de Laubenfels shares the most (18) characteristics
with D. guipingensis, including surface of the periclinal walls
of epidermal cells, thickness of the cuticular ﬂange on the
anticlinal walls of epidermal cells, length of epidermal cells
within stomata‐free zones, surface texture of the lateral
surrounding cells, surface texture of the guard cells,
development of the polar extensions of the guard cells,
number of surrounding cells associated with each guard cell
pair, formation of stomata rows, number of cells between
stomata with a row, development of the cuticular ﬂange
between the guard cells and the lateral surrounding cells,
the shape of the apex of the cuticular ﬂange between the
guard cells and surrounding cells, development of the
J. Syst. Evol. 00 (0): 1–23, 2019
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Fig. 14. Pollen grains of Dacrycarpus guipingensis sp. nov., exine ultrastructure (transmission electron microscope). A, Non‐saccate
area, ectexine (ect) and endexine (end) are visible, end is in part artiﬁcially detached, gametophyte cavity (g.c.) is compressed. B,
Non‐saccate area, note lamellae (arrowheads) in the outer portion of the end, under the ect. C, Area of leptoma (lep). D, Pollen
grain cut through two of the sacci (s). E, Central pollen grain cut through lep and one s. Scale bars: A = 2 µm; B = 1 µm; C = 10 µm;
D, E = 5 µm.
cuticular ﬂange between the guard cells, cell surface texture
of the stomata‐free zones of the leaf, cell surface texture of
the stomata zone, Florin ring development, development of
the groove near the Florin ring, stomatal distribution, and
number of stomatal rows per stomatal band. Dacrycarpus
expansus was the next most similar, corresponding in 13 of
the 24 characters (surface of the periclinal walls of
epidermal cells, thickness of the cuticular ﬂange on the
anticlinal walls of epidermal cells, length of epidermal cells
within stomata‐free zones, arrangement of surrounding cells
in the stomatal complex, surface texture of the lateral
surrounding cells, surface texture of the guard cells, grooves
on the lateral surrounding cells, the number of epidermal
cell rows between stomatal rows, the shape of the apex of
the cuticular ﬂange between the guard cells and
surrounding cells, development of the cuticular ﬂange
between the guard cells, cell surface texture of the
J. Syst. Evol. 00 (0): 1–23, 2019

stomata‐free zones of the leaf, development of the groove
near the Florin ring, shape of the stomatal apparatus, and
stomatal distribution). Dacrycarpus steupii was found to
correspond in only 14 of the 24 characters (surface of the
periclinal walls of epidermal cells, thickness of the cuticular
ﬂange on the anticlinal walls of epidermal cells, length of
epidermal cells within stomata‐free zones, surface texture of
the lateral surrounding cells, surface texture of the guard
cells, grooves on the lateral surrounding cells, the number of
epidermal cell rows between stomatal rows, the shape of
the apex of the cuticular ﬂange between the guard cells and
surrounding cells, development of the cuticular ﬂange
between the guard cells, cell surface texture of the
stomata‐free zones of the leaf, cell surface texture of
the stomata zone, Florin ring development, development of
the groove near the Florin ring, and shape of the stomatal
apparatus).
www.jse.ac.cn
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Fig. 15. Pollen grains of Dacrycarpus imbricatus, surface pattern (scanning electron microscope). A, Proximal view. B, Distal
view of two pollen grains. C, Equatorial view. D, Enlargement of A. E, Groups of pollen grains. F, Pollen grain in equatorial
position, note fused orbiculae (arrow) on the sacci. G, Enlargement of F. H, Group of pollen grains, arrow indicates a triangular
leptoma. Scale bars: A, B, H = 20 µm; C, F = 10 µm; D = 5 µm; E = 50 µm; G = 2 µm.

Our comparison of the leaf anatomy of D. guipingensis with
that of D. imbricatus and D. dacrydioides shows that both extant
species have an anatomical structure, similar, on the whole, to
that of the new fossil species, but there are some diﬀerences.
In contrast to D. guipingensis, the hypodermis in D. imbricatus
consists of strongly thickened and ligniﬁed cells (Figs. 7M, 7N).
Resin canals in D. imbricatus are smaller than in fossil and reach
only 50 µm in diameter (Figs. 7J–7L). In bifacial scale‐like leaves,
the palisade tissue is developed only on the adaxial side; the
spongy tissue is abaxial, whereas the leaves in the fossil species
possess adaxial spongy tissue and abaxial palisade tissue (Fig.
7J). In bifacial lanceolate leaves, the abaxial palisade tissue is
well‐developed, and the adaxial spongy tissue is also present,
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but only in the proximal part of a leaf (Fig. 7L). In bilateral
leaves of D. imbricatus only the palisade tissue is developed, as
in the fossil species (Figs. 7H, 7I). Dacrycarpus guipingensis
diﬀers by possessing hypodermis in all types of leaves, whereas
in D. dacrydioides the hypodermis with strongly thickened and
ligniﬁed cells are present only in the leaves of long shoots.
Moreover, adaxial palisade tissue in D. dacrydioides is developed
only in leaves of short shoots (Dörken & Parsons, 2016), but in
the fossil species it occurs in all types of leaves. A distinct
transfusion tissue with large transfusion tracheids is developed
as an inverted U‐shaped arc surrounding adaxially the vascular
bundle in the leaves of both extant species of Dacrycarpus
(Hu & Yao, 1981; Dörken & Parsons, 2016) and the fossil species.
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Fig. 16. Pollen grains of Dacrycarpus imbricatus, exine ultrastructure (transmission electron microscope). A, Pollen grain
sectioned through the proximo‐equatorial area and one of the sacci (s). B, Proximo‐equatorial area, note folds of the ectexine
(ect) and distinct lamellae (arrows) in the upper portion of the endexine (end). C, Pollen grain sectioned through the cappa (c)
and sacci (s). D, Cappa (c) region, gametophyte cavity (g.c.) is to the left. Scale bars: A = 5 µm; B = 1 µm; C = 10 µm; D = 2 µm.

Pollen grains of D. guipingensis are much smaller than
those of D. imbricatus, but similar to them in their general
morphology and surface pattern. They have three sacci,
which are strongly inclined towards the distal hemisphere
and meet laterally at their margins, and have a rounded or
rounded‐triangular corpus with an areolate pattern of the
proximal surface, which is coarser towards the equator. A
triangular leptoma with a ﬁne surface pattern is situated
distally. Ultrastructurally, the most salient diﬀerence between the fossil and modern species under study is a much
higher ratio of constituting elements to gaps between them
in the fossil species. Indeed, its sacci are nearly completely
ﬁlled with constituting elements in contrast to those of the
J. Syst. Evol. 00 (0): 1–23, 2019

sacci in pollen grains of D. imbricatus, which contain relatively
rare ectexinal partitions. Folds that form the proximo‐
equatorial region are visible in the ectexine of the fossil
species and clearly seen in that of the modern species. The
ectexine of the cappa appears nearly homogeneous in the
fossil species, with small gaps at its base, which allows us to
imply that it was formed by folds; the cappa in modern
species includes a tectum that passes into pillars with small
granules that occur in gaps between them. As fossil pollen
grains are preserved in a 3‐D state, we believe that these
diﬀerences are innate rather than the result of compression
during fossilization. The aperture organization and endexine
ultrastructure are similar in the two species.
www.jse.ac.cn
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y (or
10.0–15.0
nearly 4r)

y

y
y

y

y

Distichous

0.8–1.0
0.3–0.5

0.6–2.0

0.6–1.1

1.0–1.2

0.5–1.0

0.8–1.3
0.6–1.0

1.0–2.0

0.5–1.0

Width

Bilateral/“juvenile” leaves

s or c, pc
c, pc
–

–
–

s or c, pc

c, psc

s

c, psc or asc
s

s or c, pc

s

2.3–2.7

1.6–3.3

5.0–8.0

1.0–2.0

2.0–13.0
3.0–5.0

1.0–5.0

1.5–2.0

Length

Spreading (s) or
clasping (c) part or
all of pc (pc), part of
sc (psc), or all of
sc (asc)

Involucral leaves

–
–

6.4–8.1

5.0–8.3

5.0–16.0

3.0–10.0

6.0–10.0
3.0–16.0

3.0–10.0

5.0–10.0

Length

–
–

1.9–2.3

1.5–2.2

5.0–8.0

3.0–5.0

7.0–13.0
3.0–5.0

3.0–5.0

2.0–3.0

Leaf
length

Shoot subtending pc

1.5–2.4
–

5.9–6.3

2.3–4.1

2.0–5.0

2.0–3.0

2.0–4.0
2.0–4.0

3.0–7.0

3.0–7.0

Length
of pc

1.6–2.9
–

5.4

5.6–6.2

5.0–7.0

5.0–6.0

3.5–6.0
4.0–6.0

5.0–7.0

3.5–5.0

Seed
cone
length

Subulate
apiculate
Ovate
apiculate
–
Triangular,
incurved,
apiculate

Triangular,
incurved,
apiculate
Triangular,
apiculate
Subulate
Triangular,
apiculate
Triangular,
apiculate
Triangular,
apiculate

Shape

–
0.3–0.4

–

–
–
0.4–0.6

0.9

0.8

0.4

0.5
0.8

0.8

0.8

Width

1.2

1.2

0.6

1.5
1.2

1.2

1.0–1.2

Length

Microsporophyll

–
1.0

0.8–1.3

~1.3

2.0–3.0

1.0

2.0–3.0
2.0–3.0

2.0–3.0

2.0

Pollen
cone
width

(2000), Wilf (2012), and Lewis & Drinnan (2013). –, no data; 4r, 4‐ranked; pc, podocarpium; y, yes.

All measurement values are in millimeters. This table generally modiﬁed from Wilf (2012) and extant species data mainly from Eckenwalder (2009) and Farjon (2010). Fossil species data used and measured from Hill & Whang

2.0–6.0
1.0–1.8

2.0–3.5

Ct (cl, s)

2.0–4.0

2.0–4.0

3.0–6.0
2.0–4.0

0.8–6.0

1.0–2.0

Length

Fossil species
D. guipingensis
sp. nov.
D. puertae

S

Ct (cl, s)

D. imbricatus

D. kinabaluensis

Ct (cl, s)

Taxa

Extant species
D. dacrydioides

Clasp twigs
tightly (ct) or
loosely (cl), or
spreading (s)

Bifacial /“adult” leaves

Table 1 Comparisons of Dacrycarpus guipingensis sp. nov. with extant and three fossil species (with male cone or/and female cone) of Dacrycarpus
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Apart from our results on D. imbricatus, D. dacrydioides is
the only modern species of the genus that has been studied
in terms of the exine ultrastructure (Pocknall, 1979, 1981).
The lamellate nature of the endexine is evident throughout
the layer, unlike D. guipingensis and D. imbricatus, where we
observed lamellae only at the upper portion of the endexine.
Cookson & Pike (1953) provided some information about
the pollen morphology of several modern members of
the genus, which are currently aﬃliated to D. imbricatus,
D. imbricatus (Blume) var. robustus de Laub., D. dacrydioides,
and D. vieillardii. Pollen grains of some of these taxa are also
illustrated in the Australasian Pollen and Spore Atlas (APSA
Members, 2007). Pollen grains of D. guipingensis diﬀer by
having a much smaller size and by sacci that are densely ﬁlled
with ectexinal partitions. Although both sources provide only
LM images, the fact that partitions are quite rare in sacci of
modern pollen is evident even in transmitted light. Huynh &
Sampson (1983) published SEM images of pollen grains of D.
dacrydioides in their study of the tetrad arrangement of
pollen grains of this species. A tetrad mark is visible on some
of the pollen grains; all show a coarse surface pattern in the
proximo‐equatorial region.
Of all the four varieties of D. imbricatus, D. guipingensis
shows the greatest similarity to D. imbricatus var. imbricatus,
which is common in rainforests from northern Myanmar and
southern China to Fiji (de Laubenfels, 1969). The variety
shares other similar characters: adult leaves up to
0.4–0.6 mm, and involucral leaves at the base of the
receptacle spreading, 2–3 mm long.
In summary, our fossils show the closest similarity to D.
imbricatus var. imbricatus in macromorphological, cuticular,
and anatomical characters, which is the only species of
Dacrycarpus present today in China.
4.3 Comparison with fossil species
We have selected three fossil species with preserved
reproductive organs to compare with D. guipingensis in gross
morphology as well as pollen characters (Table 1). The
Guiping species is superﬁcially similar to D. puertae Wilf,
slightly diﬀering only by the shape of microsporophyll. The
shape of D. guipingensis leaf apex is subulate and apiculate.
They share a similar size both in leafy shoots and cones;
generally D. guipingensis has smaller leaves. Compared to D.
guipingensis and D. puertae, D. mucronatus Wells & Hill has
larger bifacial leaves and smaller bilateral leaves. However,
the seed cone of D. mucronatus could be immature; this
might be the reason for its much smaller size. Of all the four
fossil species, only D. elandensis Hill & Whang has a
completely preserved male cone and in situ pollen, which is
characterized by the smallest leaves and microsporophylls.
The microsporophylls are triangular, incurved, and apiculate.
To compare cuticular characteristics, we used the data
summarized by Hill & Whang (2000). Of all the fossil species,
D. elandensis from the Miocene ﬂora of Balcombe Bay,
Australia, shares most of the cuticular characteristics (16)
with the Miocene D. guipingensis. The main diﬀerences
include eight features: surface texture of lateral surrounding
cells, development of polar extensions of guard cells,
number of surrounding cells associated with each guard
cell pair, number of cells between stomata within a row, cell
surface texture of the stomata‐free zones of the leaf, Florin
J. Syst. Evol. 00 (0): 1–23, 2019

ring development, development of a stomatal plug, and the
number of stomatal rows per stomatal band.
Hill & Whang (2000) illustrated in situ pollen grains of fossil
D. elandensis studied under LM and SEM. The pollen grains
are larger than pollen grains of D. guipingensis. As far as we
can judge by the illustrations, sculptural elements are of the
same size over the proximal pole and in the proximo‐
equatorial area, and the surface of the leptoma appears
smooth. Cookson & Pike (1953) described dispersed fossil
pollen D. australiensis Cookson & Pike from the Tertiary of
Australia and Tasmania. They included in this taxon three‐
saccate pollen grains that broadly vary in size; their sacci
meet laterally or there is a space between them. These
authors decided to describe only one fossil species on the
basis of their extensive materials, as pollen grains of the
modern species they studied for comparison, particularly
D. imbricatus, also showed a high intraspeciﬁc variability in
these characters. Some of the illustrated specimens
of D. australiensis closely resemble pollen grains of
D. guipingensis. However, pollen grains of D. guipingensis
are always smaller and their sacci always meet laterally.
Presumably, pollen grains of more than one natural species
are reported as D. australiensis.
4.4 Fossil record and evolutionary implications
Although the pollen records of Dacrycarpus are distributed in
the northern and southern hemispheres from the Cretaceous
to Pleistocene (Khan, 1976; van der Kaars, 1991; Morley, 2011),
megafossil records have been restricted to the Cenozoic
of the Southern Hemisphere (Cookson & Pike, 1953;
Greenwood, 1987; Wells & Hill, 1989a; Carpenter, 1991; Hill
& Carpenter, 1991; Pole, 1992a, 1992b; Hill & Merriﬁeld, 1993;
Pole et al., 1993; Carpenter & Pole, 1995; Jordan, 1995; Hill &
Scriven, 1997; Pole, 1998, 2007; Hill & Brodribb, 1999; Hill &
Whang, 2000; Jordan et al., 2011; Wilf, 2012; Lewis & Drinnan,
2013), especially in Australasia and South America (Fig. 1).
Most of the previous megafossil species have been instituted
on the basis of vegetative branches and cuticles; only three
fossil species are known from cones (Hill & Whang, 2000;
Wilf, 2012; Lewis & Drinnan, 2013). Most of the previous
megafossils have a general resemblance to D. guipingensis in
gross morphology of leafy shoots. By comparison to
previously reported fossil remains ascribed to Dacrycarpus,
D. guipingensis could represent the best‐preserved fossil
occurrence in both integrity and abundance. Although
the male cone is incompletely preserved, we found whole
microsporophylls spirally arranged and pollen in globular
sacs. Moreover, 3‐D preserved cones and leaves make
it possible to explore plant anatomy and ontogenetic
development.
Fossil palynological data have already been used to
show that Dacrycarpus expanded northward from the
southern continents toward Malesia and Asia during the
late Cenozoic (Morley, 2011). Our new megafossil remains
provide greater systematic resolution and indicate the
genus was already established in China by the late
Miocene, a few million years earlier than the Quaternary
arrival inferred by Morley (2011).
The interesting combination of morphological diﬀerentiation observed in Dacrycarpus are probably responses
to both temperature and rainfall change (Hill, 1994). The
www.jse.ac.cn
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abundant Dacrycarpus fossil leaves from lower Cenozoic
sediments of southeastern Australia suggest a clear pattern
of foliage evolution (Hill, 1995), which probably also reﬂect
responses to both temperature and rainfall change. Hill &
Brodribb (1999) hypothesized that two diﬀerent evolutionary
trends might run from the Eocene up to the Oligocene: (i)
bilaterally ﬂattened leaves decrease in abundance or
disappear; and (ii) stomata decrease in the adaxial surface
of bifacially ﬂattened leaves. These two trends reﬂect
diﬀerent strategies to adapt to the climate change resulting
from Australia’s northward migration. The ﬁrst trend
probably reﬂects adaptation to the declining mean annual
temperature by reducing leaf area. The second trend,
however, might be adaptive to the onset of seasonal rainfall
and probably the decrease in total annual rainfall by
restricting the stomatal distribution. As for the new Miocene
species D. guipingensis, it has dimorphic and amphistomatic
leaves, indicating that these two evolutionary trends are
reversible and in this case the adaptation is appropriate for
climate of the low latitude of East Asia.
4.5 Paleoecological implications
The extant species of Dacrycarpus are shrubs or trees,
occurring in wet mixed evergreen conifer–broad‐leaved or
pure forest in subtropical to tropical montane areas
(Farjon, 2010). Climatic investigation of six species of
Dacrycarpus also shows the high mean annual precipitation
(Biﬃn et al., 2011), indicating that this genus always
inhabits the very wet environment. Moreover, Dacrycarpus
is one of the least drought‐tolerant genera and is
physiologically limited to minimum rainfall requirements
of dry season rainfall and mean annual rainfall (Brodribb &
Hill, 1998), so this genus is a robust indicator for a very wet
paleoenvironment (Wilf, 2012). Based on the other fossils
found at Erzitang Formation, D. guipingensis apparently
grew in a mixed evergreen conifer–broad‐leaved forest
that included fossil fruits of Elaeocarpus Linn. (Elaeocarpaceae), Schima Reinw. (Theaceae), Canarium Linn. (Burseraceae), Quercus L. (Fagaceae) and other as yet unidentiﬁed
angiosperms (Zhao, 1988; Han et al., 2017). Therefore, the
occurrence of Dacrycarpus in Guiping Basin indicates that
the fossil site might have had a very wet climate during the
Miocene, probably representing a conifer–broad‐leaved
montane rainforest.

5 Conclusions
In this paper, a new species, Dacrycarpus guipingensis sp. nov.
from the Miocene of Guiping Basin, Guangxi, South China,
provides the ﬁrst megafossil evidence of the genus
Dacrycarpus in the Northern Hemisphere. The fossil species
contains multiple forms of shoots and 3‐D preserved female
and male cones, and represents one of the most complete
and best‐preserved megafossil remains of Dacrycarpus
known to date. Of all the living species, this fossil species
shows a close similarity to D. imbricatus in morphological and
anatomical characters.
Our study suggests that Dacrycarpus inhabited South China
at least by the Miocene (probably late Miocene). Moreover,
based on its modern distribution and habitat, Dacrycarpus is
www.jse.ac.cn
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thought to be a robust indicator of very wet paleoenvironments. Combined with other taxa, the studied region
of southern China was probably covered by a conifer–
broad‐leaved rainforest during the Miocene.
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