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a b s t r a c t

The genus Woodwardia, which together with the genera Anchistea and Lorinseria comprise the subfamily
Woodwardioideae of Blechnaceae, has a disjunct distribution across Central and North America, Europe
and the temperate to tropical areas of Asia. Fossil records of Woodwardia occur throughout the Paleogene
and Neogene of North America, Europe and Asia. However, well-preserved fertile pinna fossils of this
genus have not yet been reported in South China. In this paper, a new species, W. changchangensis
Naugolnykh et Song, sp. nov. is described from the middle Eocene of the Changchang Basin, Hainan
Island, South China. Macromorphological and micromorphological features of the fertile pinna show a
straight pinna rachis, alternate, subtriangular pinnules, acute pinnule apices, almost entire or slightly
undulate pinnule margins, long-ovoid sori, stalked sporangia and spores with wing-like folds on the
surface, which are characterised in detail. Overall, the present fossil is most similar to the extant species
Woodwardia japonica, which mostly grows in warm and moist environments. The discovery of this new
species from the Changchang Basin of Hainan Island indicates that this genus has been distributed in the
low-latitude tropical regions of South China from as early as the middle Eocene. Based on this find, and
previous studies of other ferns from the same site, we infer that the climate of the Palaeo-Hainan
landscape during deposition of the Changchang Formation was warm and humid, similar to condi-
tions prevailing today across this region.

Copyright © 2021 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The potential of using ferns as palaeoenvironmental proxies has
been repeatedly discussed by various authors in broad palae-
obotanical contexts (Meyen, 1987; Collinson, 2002; Deng, 2002;
DiMichele and Phillips, 2002), and specifically applied to Paleozoic
(Pant and Khare, 1974; Lele et al., 1981; Wagner and Lemos de
Sousa, 1985; Cúneo, 1988; Barthel and R€ossler, 1995; Yang et al.,
iu), lssjjh@mail.sysu.edu.cn

e of Plant Diversity.

tany, Chinese Academy of Sciences.
nse (http://creativecommons.org/li
1997; C�esari et al., 1998; Cúneo et al., 2000; Naugolnykh, 2013,
2016), Mesozoic (Litwin, 1985; Serbet and Rothwell, 1999;
Naugolnykh and Pronin, 2015), and Cenozoic (Budantsev, 1983;
Collinson, 2001, 2002; Naugolnykh et al., 2016; Naugolnykh, 2017;
Spicer et al., 2020) fossil materials. Ferns, as a plant group with a
long and complicated evolutionary history, can be used as an
important tool for reconstructing, in a general sense, environ-
mental constraints from the middle Paleozoic up to the present
time. Moreover, many fern families and genera have strict ecolog-
ical and climatological preferences (Collinson, 2002; Kluge and
Kessler, 2006), and so can be used as effective palae-
oenvironmental proxies for tracing climatic changes.

Woodwardia Sm., established by Smith in 1793, is one of the
most ancient examples of the “chain-ferns” within the family
Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
censes/by-nc-nd/4.0/).

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lxy_0628@163.com
mailto:lssjjh@mail.sysu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pld.2021.09.003&domain=pdf
www.sciencedirect.com/science/journal/24682659
http://www.keaipublishing.com/en/journals/plant-diversity/
http://journal.kib.ac.cn
https://doi.org/10.1016/j.pld.2021.09.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.pld.2021.09.003
https://doi.org/10.1016/j.pld.2021.09.003


H.-Z. Song, S.V. Naugolnykh, X.-K. Wu et al. Plant Diversity 44 (2022) 565e576
Blechnaceae. Woodwardioid ferns were previously treated as a
single genus, Woodwardia, or divided into as many as four genera:
Anchistea C. Presl, Lorinseria C. Presl, Woodwardia and Chieniopteris
Ching (Cranfill and Kato, 2003). In the Pteridophyte Phylogeny
Group I (PPG I) classification, the woodwardioid ferns are separated
into three genera based on morphological, cytological and molec-
ular phylogenetic studies: Anchistea, Lorinseria and Woodwardia
(Gasper et al., 2016; 2017; PPG I, 2016). These three genera
comprise the Subfamily Woodwardioideae of the family Blechna-
ceae (PPG I, 2016). Additionally, the genus Chieniopteris is not
supported for a segregated genus because of a lack of molecular
data and is included in the genus Woodwardia (Gasper et al., 2016;
2017; PPG I, 2016). The genera Anchistea and Lorinseria both contain
only one species endemic to North America, while Woodwardia
contains thirteen species with disjunct distributions across Central
and North America, Europe and temperate to tropical areas in Asia
(Cranfill and Kato, 2003; Gasper et al., 2016; 2017; PPG I, 2016).

Fossil records of the genus Woodwardia occur in the Paleogene
and the Neogene of the Northern Hemisphere. Reliable fossil re-
cords of Woodwardia have been reported from as early as the
Paleocene (Knowlton, 1919; Hickey, 1977; Collinson, 2001; Wang
et al., 2006; Manchester, 2014), while Eocene records are known
from North America and Asia (Knowlton, 1899, 1919; Endo, 1962;
Collinson, 2001). By contrast Oligocene Woodwardia records are
rare and have only been reported from Bohemia and Japan (Tanai,
1970; Kva�cek et al., 2018), but Miocene and Pliocene finds come
from North America, the intersection of eastern Europe and west-
ern Asia, and Asia (Knowlton, 1910, 1919; Smith, 1938; Li and Yang,
1984; Shatilova et al., 2011). The Woodwardia fossil records of the
Northern Hemisphere show that the basis for this distribution was
attained during the early Paleogene, and extended to high latitudes
in the Paleocene to Eocene (Collinson, 2001).

The material newly collected and described here from the
middle Eocene deposits of Hainan Island includes the fertile parts
of a well-preserved blechnacean fern. It is relatively rare for a fossil
fern to be described on the basis of an almost completely preserved
fertile pinna, together with both the macromorphological and
micromorphological structure of the sori, sporangia and spores
preserved in situ. Such well-preserved morphological features
allow us to clarify its taxonomical position, and attribute it to a new
species within the genusWoodwardia. The present paper adds new
data to the origin and evolutionary development of the ferns and
discusses the climate of Hainan Island in the middle Eocene.
2. Material and methods

The fossil pinna of Woodwardia described here was collected
from the Changchang Formation of the Changchang Basin, which is
located near Jiazi Town, within the administrative region of the city
of Qiongshan, in northeastern Hainan Island, China (19�3800300N
and 110�2700400E, Fig. 1). This locality is well known as a source of
numerous well-preserved plant mega- and microfossils (Jin, 2009;
Yao et al., 2009; He et al., 2010; Wang et al., 2014). The Changchang
Formation is stratigraphically attributed to the middle Eocene
(LutetianeBartonian, ~48e~38 Ma) by Spicer et al. (2014) based on
previously published palaeobotanical (megafossils) and palyno-
logical data.

The material in hand includes a single, but well-preserved,
representative fragment of a last order pinna. The material stud-
ied is preserved as a subcrustation (Krassilov and Makulbekov,
1996). This type of preservation is untypical for Eocene floras of
Hainan and this is the first recorded occurrence of such preserva-
tion from this location. Subcrustation is a mode of preservation
resulting from the precipitation secondary minerals (calcite,
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siderite, quartz and others) on cell walls normally inside the empty
space of inner cavities of the epidermal cells.

A small fragment of the basal part of the pinna containing a
well-preserved sorus was detached mechanically by means of a
small knife and then macerated for a week in concentric nitric acid.
The obtained macerated plant remains were washed, and after that
the products of oxidation were removed using a strong solution of
ammonia. The obtained sporangia, spores and isolated indusial
tissues, and their fragments, were again washed with distilled
water and then mounted on a mini-stub. Photomicrographs were
taken using a digital camera (Photometries Cool Snap) and the
scanning electron microscope (JSM-633) at the State Key Labora-
tory of Biocontrol and Guangdong Provincial Key Laboratory of
Plant Resources, School of Life Sciences, Sun Yat-sen University,
Guangzhou, China, and using the Vega Tescan MV 2300 scanning
electron microscope at the Geological Institute of the Russian
Academy of Sciences, Moscow. The two parts of the specimen are
deposited at the Museum of Biology, Sun Yat-sen University under
numbers CCJ 171A and CCJ 171B.

3. Results

Class: Lycopodiopsida Bartling, 1830
Order: Polypodiales Link, 1833
Family: Blechnaceae Newman, 1844
Subfamily: Woodwardioideae Gasper, V.A.O. Dittrich et Salino,

2016.
Genus: Woodwardia Sm., 1793
Species: Woodwardia changchangensis Naugolnykh et Song, sp.

nov. (Figs. 2e7)
Etymology: The specific epithet “changchangensis” is named

after Changchang Basin where the specimens were collected.
Holotype: Figured here (Fig. 2A and C); No. CCJ 171A (part) and

CCJ 171B (counterpart).
Type stratum: Changchang Formation, middle Eocene.
Locality: Changchang Basin, Hainan Island, China.
Diagnosis: Pinna rachis straight. Pinnules alternate, sub-

triangular in shape. Pinnule apex acute, not round. Pinnules fused
on the basal parts. Pinnule midvein thin, slightly undulating.
Venation basically pinnate, but sometimes with elements of a net-
pattern (anastomosing). Pinnule margins almost entire or slightly
undulate. Sori long-ovoid in shape, orientated in two rows along
midvein. Indusium present. Sporangia with annulus, stalked, round
to ovoid in shape. Spores ellipsoidal with lowwing-like folds on the
surface.

Description: The length of the pinna is more than 70 mm and
the width of the pinna in its basal part is about 30 mm (Fig. 2AeC).
The pinna rachis is straight and thick (Fig. 2AeC). The width of the
pinna rachis in its widest part in the base of the pinna is approxi-
mately 0.9 mm (Fig. 2AeC). The pinnules are attached to the pinna
rachis in alternate order (Fig. 2AeC). The angle of the pinnule
attachment is about 65� (Fig. 2B). The pinnules are of subtriangular
shape, slightly curved in apical areas towards the pinna apex (Fig.
2B). The length of the most well-developed pinnule disposed in
the basal part of the pinna is 15 mm. The width of the largest
pinnule base is 5.5 mm (Fig. 2B). The size of the pinnules slowly
decreases towards the pinna top (Fig. 2C). The pinnules are fused by
their basal parts forming a wide wing along the pinna rachis (Fig.
2B). The pinnule margin is smooth in the proximal parts of the
pinnules, but slightly undulate in their distal parts (Fig. 2B). The
pinnule apex is obtuse to slightly acute (Fig. 2A and B). The venation
pattern of the pinnules is basically pinnate, but with the net-like
elements in the basal areas of the pinnules (Fig. 2B). The midvein
is thin, but somewhat thicker than the lateral (secondary) veins
(Fig. 2B). The midvein is slightly undulated (Fig. 2B). The lateral



Fig. 1. Geographical and stratigraphical position of the studied locality (after Yao et al., 2009 and Spicer et al., 2014).

Fig. 2. Woodwardia changchangensis Naugolnykh et Song, sp. nov. A, general morphology of the holotype (CCJ 171A, part); B, interpretative line-tracing of the holotype; C, general
morphology of the holotype (CCJ 171B, counterpart). Scales are 1 cm (AeC).
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veins form the wide chain-like pattern (areoles) along the midvein
and are forked, extending to the margin (Fig. 2B). Each fertile
pinnule includes two rows of elongated sori disposed along the
midvein (Fig. 2AeC). The sori are of long-ovoid shape and are
orientated parallel, or slightly oblique, to the pinnule midvein (Fig.
2A and B). The distance between the distal part of the obliquely
disposed sorus and the midvein is more than the distance of the
proximal part of the same sorus and the midvein (Fig. 2B). As a rule,
but not always, the larger sori are disposed in the proximal part of
the fertile pinnule, and the smaller sori are disposed in the distal
part of the pinnule (Fig. 2B). The length of the largest sorus is 2 mm,
while its width is about 0.7 mm. The number of sori on one fertile
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pinnule varies from ten to fifteen (Fig. 2A and B). Some of the long
sori are disposed along the pinna rachis in the basal part of the
pinna (Fig. 2A and B). Each sorus is covered by a relatively thick
indusium (Fig. 3B, 3D, 4B, 4D). The indusium is thick and seems to
have a concave shape with a shallow prolonged depression in its
medial area (Figs. 3D and 4D).

SEM imagery revealed epidermal-cuticular features of the
studied pinnules. The cell wall pattern is preserved due to the
subcrustation mode of preservation (see above). Some epidermal
cells of the costal field of the pinnule are mineral filled (Figs. 3A and
4A). The epidermal cells have undulating or waved centriclinal (¼
radial) walls (Figs. 3C and 4C). The average size of the common



Fig. 3. Woodwardia changchangensis Naugolnykh et Song, sp. nov. A, epidermal cells of the costal field of the pinnule; B, two neighbouring fertile pinnules showing the sori and
venation patterns; C, epidermal cells and a stoma; D, a sorus covered by a relatively thick indusium. Scales are: 10 mm (A); 1 mm (B, D); 100 mm (C).
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epidermal cells is about 25 � 40 to 40 � 60 mm (Figs. 3C and 4C).
The periclinal cell walls are smooth (Figs. 3C and 4C). The stomata
are round, with a slit-like guard cell aperture (Figs. 3C and 4C). The
diameter of the stoma is about 20 mm including the guard cells
(Figs. 3C and 4C).

Several stalked sporangia and spores were obtained by macer-
ation (Fig. 5AeF). A group of three stalked and opened sporangia
were also found (Fig. 5F). Numerous spores extracted from the
sporangia are visible located near the sporangia (Fig. 5B and C).

The sporangium is ovoid, with a clearly visible stair-like struc-
ture (on the left in Fig. 5A) formed by the thick-walled cells that
form the annulus that opens the sporangiumwhen it is mature and
ready to release the spores. An already opened sporangium with
almost all spores released is shown on Fig. 5D. One spore is still
preserved nearby the distal end of the stalk of the sporangium (Fig.
5D). The stalk of the sporangium (¼ sporangiophore) has an
irregular fine sculpture on the surface (Fig. 5E).

The spores are ellipsoidal bearing characteristic wing-like folds
on the surface (Fig. 5B and C). The spores measure about 11� 18 mm
on average. The same structural peculiarities are characteristic of
extant Woodwardia spores (Tryon and Lugardon, 1991).
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A compact aggregation of the spores preserved together was
also found by maceration (Fig. 6A and B). It is obvious that this
spore aggregation is the content of one individual sporangium.
Furthermore, just above the sporemass there is one fragment of the
series of thick-walled cells that form the annulus (Fig. 6A and B).
Based on the size and shape of the spore mass/spore aggregation,
which matches the size and shape of the extracted sporangia
described above, we offer a reconstruction of the stalked sporan-
gium (Fig. 6C and D). Reconstructions of all the organs illustrated
above are shown in Fig. 7.

4. Discussion

4.1. Comparison with extant and fossil species

The four genera of the Blechnaceae, Anchistea, Lorinseria,
Woodwardia, belonging to the subfamily Woodwardioideae and
Doodia R. Br. of the subfamily Blechnoideae (Gasper et al., 2016), as
in the present fossil, have so-called chain-like sori. This means the
sori follow the areolar veins, interrupted, forming a continuous row
(Gasper et al., 2016). The present fossil can be distinguished from



Fig. 4. Line drawing reconstruction of Fig. 3. A, epidermal cells of the costal field of the pinnule; B, two neighbouring fertile pinnules showing the sori and venation patterns; C,
epidermal cells and a stoma; D, a sorus covered by a relatively thick indusium. Scales are: 10 mm (A); 1 mm (B, D); 100 mm (C).
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Doodia in several ways. For example, species of Doodia have deeply
pinnatifid to pinnate blades, serrate-dentate pinnae margins, and
veins with one or three series of areoles (Gasper et al., 2016). Lor-
inseria includes only one species, L. areolate (L.) C. Presl, and one of
its characteristics is its deeply pinnatifid sterile blades, which are
markedly different from the present fossil (Gasper et al., 2016).
Anchistea also contains only one species, Anchistea virginica (L.) C.
Presl, and has pinnae generally similar to those of the current fossil,
but there are key differences in detail. The veins of A. virginica are
anastomosing, forming single rows of areoles along costae and
costules (Gasper et al., 2016), whereas the veins of the present fossil
form a series of areoles along the costae and possess net-type el-
ements in the basal areas of the pinnules (Fig. 2B). In addition,
A. virginica has pinnules with clearly obtuse apices (Fig. 8A), a
feature obviously different from the present fossil.
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The pinnae of extantWoodwardia are characterised by veins that
anastomose to form a series of areoles along costae and costules,
ultimate veins that are free, and sori that are long-linear, sunken,
usually confined to costular areoles, and arranged on each side of
the costae and costules (Gasper et al., 2016). The general pinna
shape ofW. changchangensis is obviously distinct fromWoodwardia
harlandii Hook. and Woodwardia kempii Copel. W. harlandii is
characterised by an elongated pinna almost without basal lobes
(Fig. 8B) and W. kempii is characterised by an exceptionally well-
developed limb (a near-rachis wing) connecting neighboring
widely-spaced pinnules (Fig. 8C). The present fossil is different
from Woodwardia fimbriata Sm. in that the pinnule shape of
W. fimbriata is narrowly deltate to lanceolate, and pinnatifid
(Fig. 8D). Woodwardia martinezii Maxon ex Weath. has pinnules
that are triangular in shape and bear long linear sori that occur



Fig. 5. Woodwardia changchangensis Naugolnykh et Song, sp. nov. A, an individual sporangium with the clearly visible annulus with stair-like thick-walled cells (left side of the
sporangium); B, C, spores with wing-like folds on the surface; D, stalked opened sporangium (Sp e a spore; St e a stalk); E, sporangial stalk (¼sporangiophore); F, group of three
fragmented stalked sporangia. RSt e reconstructed stalk of the sporangium. Scales are: 50 mm (A, D, F); 10 mm (B); 20 mm (C, E).
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alongside costae and costules (Fig. 8E), which is obviously different
from the present fossil. Woodwardia unigemmata (Makino) Nakai,
Woodwardia prolifera Hook. et Arn. have oblique, oblong-lanceolate
pinnules with acuminate apices and crescent-shaped or elliptical
sori (Fig. 8F and G) and Woodwardia auriculata Bl. has oblique
lanceolate pinnules and elliptical sori (Fig. 8H). The pinnules of the
present fossil are subtriangular with long-ovoid sori, and clearly
distinct from the above three extant species. The present
W. changchangensis also differs from Woodwardia magnifica Ching
et P. S. Chiu, which has lanceolate or narrowly triangular-lanceolate
pinnules and linear sori (Fig. 8I). Compared with the present fossil,
Woodwardia orientalis Sw., Woodwardia radicans (L.) Sm., Wood-
wardia semicordata Mickel et Beitel and Woodwardia spinulosa M.
Martens et Galeotti have more acute apices and finely-toothed
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margins (Fig. 8JeM). Moreover, the venation of these four species
is more complicated than in our fossil, forming two or three rows of
areoles along costules (Fig. 8JeM).

Among the thirteen extant species in Woodwardia, the present
fossil pinna is similar to that of Woodwardia japonica (L.f.) Sm. in
having subtriangular pinnules with long-ovoid sori and anasto-
mosing veins that are distally free, simple or forked (Fig. 8N).
However, the newly established W. changchangensis sp. nov. is
different from W. japonica because W. japonica normally possesses
well-pronounced terminal teeth on each pinnule (Fig. 8N).

We also compared our material with fossil species of Wood-
wardia. Woodwardia kamtschatica Budantsev is an early Cenozoic
species from the Paleogene deposits of Kamchatka, northern-
eastern Russia (Budantsev, 1983, 2006). The new species



Fig. 6. Woodwardia changchangensis Naugolnykh et Song, sp. nov. A, an aggregation of spores (spore mass) corresponding to the content of one individual sporangium with an
interpretative line-tracing; B, same as A, with the fragmented preserved annulus (Ann) and spores (Sp); C, suggested position of the spore content inside a sporangium; D, general
morphology of the sporangium based on Fig. 5A and D; 6AeC; 7C. Scales are: 50 mm (AeD).
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described here is different fromW. kamtschatica asW. kamtschatica
has well-formed reticulate (anastomosing) venation (Budantsev,
2006, Plate 70, Fig. 3), which is observed for W. changchangensis
only occasionally, and a large distance between well-developed
neighboring pinnules (Budantsev, 2006, Plate 70, Fig. 7), which is
also characteristic of the recent species W. kempii (¼Woodwardia
hetroplanta B.S. Wang; see here Fig. 8C).

Four Eocene species of Woodwardia are also compared. Wood-
wardia areolate Ôishi et Huzioka from the Eocene of the Ishikari
coal basin in Hokkaido, Japan, is characterised by a deltoid to
oblong basal lobe on each basal pinnule and linear to oblong sori
slightly oblique to the midvein (Ôishi and Huzioka, 1941). These
characters are absent in the present fossil. In addition, the sori of
W. areolate are smaller and are fewer in number on each pinnule
compared with the present fossil. Woodwardia decurrens Ôishi et
Huzioka, from the same site as W. areolate, is characterised by an
acuminate, slightly falcate, apex and basal pinnules that are
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strongly decurrent below (Ôishi and Huzioka, 1941). These char-
acters are not evident in the present fossil. Subsequently, these two
species were assigned to W. japonica Sw. var. eocenica, because of
their resemblance to the extantW. japonica (Endo,1962). Except for
the difference in the shape of the pinnules mentioned above, the
macroscopic morphology of the present fossil is very similar to
them. Another two species are from North America—Woodwardia
preareolata Knowlton from the Eocene of Yellowstone National
Park, Wyoming (Knowlton, 1899) and Woodwardia maxoni
Knowlton from the Eocene of Rock Springs, Wyoming (Knowlton,
1910). The former is characterised by having a broad wing on the
rachis (Knowlton, 1899) and the latter is characterised by having
the pinnule apices finely serrate (Knowlton, 1910). The present
fossil is distinguished from these two American species by pos-
sessing more closely arranged pinnules that do not form such a
broad wing, and its pinnule margins are almost entire or slightly
undulate.



Fig. 7. Reconstruction of the fertile pinnules of Woodwardia changchangensis Naugolnykh et Song, sp. nov. A, a portion of the fertile pinna; B, a sorus covered by the indusium; C, a
spore; D, a stalked sporangium. Scales are: 1 cm (A); 500 mm (B); 10 mm (C); 50 mm (D).
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Some other fossil species of Woodwardia, such as Woodwardia
arctica (Heer) R.W. Brown, Woodwardia crenata Knowlton and
Woodwardia gravida Hickey are difficult to compare with our
newly collected material because they lack some essential fea-
tures for comparison, such as venation and soral details and
sporangial anatomy.

4.2. Palaeogeography and palaeoclimate implications

Among the Cenozoic ferns, Woodwardia is one of the special
genera that shows similar distributions to those of their living
relatives (Collinson, 2001). The recent representatives of Wood-
wardia have a disjunct distribution across Central and North
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America, Europe and the temperate to tropical areas of Asia, and
their fossil records also appear in these areas (Fig. 9). Most
Paleocene and Eocene Woodwardia fossils have been recorded in
North America (W. arctica (Heer) R.W. Brown from the Paleocene
of Wyoming and North Dakota, USA (Manchester, 2014); W.
gravida Hickey from the Paleocene of western North Dakota, USA
(Hickey, 1977); Woodwardia latiloba Lesquereux from the Paleo-
cene of Colorado, USA (Knowlton, 1919); W. crenata Knowlton
from the Eocene of Wyoming and Colorado, USA (Knowlton, 1919);
W. preareolataKnowlton and W. maxoniKnowlton from the Eocene
of Wyoming, USA (Knowlton, 1899, 1910). In addition, W. areolate
L. from the late Paleocene of western North Dakota, USA (Pigg et
al., 2006) should be assigned to Lorinseria in the PPG I



Fig. 8. Morphological diversity of modern fertile pinnae found in the genera Woodwardia Sm. and Anchistea C. Presl. A, Anchistea virginica (L.) C. Presl (¼Woodwardia virginica (L.) J.
E. Smith), fertile pinnule with sori, the Herbarium at Kunming Institute of Botany (KUN), No. 1221957; B, W. harlandii Hook., the Herbarium of South China Botanical Garden (IBSC),
No. 0680309; C, W. kempii Copel. (¼W. hetroplanta B.S. Wang), the Herbarium of Sun Yat-sen University, No. 172799; D, Isotype of W. fimbriata Sm., Natural History Museum (BM),
Barcode: BM000769837, downloaded and modified from Global Plants Database; E, Isotype of W. martinezii Maxon ex Weath, University of Wisconsin Herbarium (WIS), Barcode:
WISv0253435WIS, downloaded and modified from Global Plants Database; F, W. unigemmata (Makino) Nakai, TAIF herbarium of Taiwan Forestry Research Institute No.467444,
downloaded and modified from: https://taifdb.tfri.gov.tw/search/specimen.php?SpcmID¼356491&DupID¼1&SeriID¼1&DetID¼490637&l¼Cht; G, Unspecified W. prolifera Hook. et
Arn., Royal Botanic Garden Edinburgh (E), Barcode: E00280161, downloaded and modified from Global Plants Database; H, Holotype of W. auriculata Bl., Naturalis Biodiversity
Centre, formerly Leiden University (L), Barcode: L0052402, downloaded and modified from Global Plants Database; I, Holotype of W. magnifica Ching et P. S. Chiu, PE herbarium,
Catalogue number: 00044780, downloaded and modified from: http://petype.myspecies.info/taxonomy/term/873; J, W. orientalis Sw., the Herbarium of Sun Yat-sen University, No.
SYS 00154035; K, Lectotype of W. radicans (L.) Sm., Linnean Society of London Herbarium (LINN), Barcode: LINN-HL1247-4, downloaded and modified from Global Plants Database;
L, Holotype ofW. semicordataMickel et Beitel, The William and Lynda Steere Herbarium of the New York Botanical Garden (NYBG), Barcode: NY00179355, downloaded and modified
from Global Plants Database; M, Lectotype ofW. spinulosa M. Martens et Galeotti, the Herbarium of the Jardim Botânico do Rio de Janeiro (RB), Barcode: RB00603390, modified from
Palacios-Rios and Arana (2018); N, Isotype ofW. japonica (L.f.) Sm., Barcode: K001092752, downloaded and modified from: http://specimens.kew.org/herbarium/K001092752. Scales
are: 1 cm.
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classification. A small number of Woodwardia fossils are recorded
in eastern Asia (Woodwardia bureiensis Fedotov from the Paleo-
cene of Heilongjiang Province, China (Wang et al., 2006); W.
573
kamtschatica Budantsev from the Paleocene of Kamchatka, Russia
(Budantsev, 2006); W. arctica (Heer) R.W. Brown from the Paleo-
cene/Eocene of Zeya-Bureya depression of Russia and the Eocene
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Fig. 9. Distribution of the extant species of the genusWoodwardia based on data from Global Biodiversity Information Facility (GBIF.org (9 August 2021) GBIF Occurrence Download
https://doi.org/10.15468/dl.hk6phj) and fossil records of the genus Woodwardia.
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of Japan (Collinson, 2001); W. japonica Sw. var. eocenica from the
Eocene of Hokkaidao, Japan (Endo, 1962) and W. changchangensis
Naugolnykh et Song from the Eocene of Hainan Island, South
China (this study)).

Only two reliable Oligocene Woodwardia records have been
reported—Woodwardia sasae Oishi et Huzioka from the Harutori
flora in Hokkaidao, Japan (Ôishi and Huzioka,1942; Tanai,1970) and
Woodwardia muensteriana (C. Presl in Sternberg) Kr€ausel from the
Oligocene flora of North Bohemia (Kva�cek et al., 2018).

Miocene and Pliocene Woodwardia fossil records are distrib-
uted throughout North America (Woodwardia deflexipinna H.V.
Smith from the Miocene of southeastern Oregon, USA (Smith,
1938); Woodwardia florissantia Cockerell from the Miocene of
Colorado, USA (Knowlton, 1919) and Woodwardia columbiana
Knowlton from the Pliocene of Oregon, USA (Knowlton, 1910)).
Additionally, in the PPG I classification, W. areolate L. from the
Miocene of western Washington, USA (Pigg et al., 2006) should be
assigned to Lorinseria and Woodwardia virginica (L.) J.E. Smith from
the Miocene of central Washington, USA (Pigg and Rothwell, 2001)
should be assigned to Anchistea. Miocene and Pliocene Wood-
wardia fossils have also been found in the intersection of eastern
Europe and western Asia (Woodwardia roessneriana (Ung.) Heer
from the Miocene of Georgia (Shatilova et al., 2011); W. radicans
(L.) Smith. and W. roessneriana (Ung.) Heer from the Pliocene of
Georgia (Shatilova et al., 2011)), and Asia (W. sp. from the Miocene
of Jilin Province, China (Li and Yang, 1984)). The full fossil records
are listed in Table 1.

Based on fossil evidence, Kva�cek (1994) hypothesized that the
ancestors of Woodwardia first arose in North America and
migrated to eastern Asia via Beringia during the Eocene, finally
arriving in Europe at the beginning of the early Miocene warm-
ing. According to the phylogeny of Woodwardia estimated using
rbcL and rps4 sequences and divergence time estimations based
on fossil records, Li et al. (2016) proposed that Woodwardia
species diverged initially in the Paleogene of North America, then
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underwent a greater diversification and expansion in Eurasia
during the Eocene before finally arriving in Europe directly from
Asia during the Miocene. However, the discovery of
W. muensteriana from the Oligocene in North Bohemia (Kva�cek
et al., 2018) indicates that Woodwardia species arrived in
Europe before the Miocene. That means the previous hypotheses
need to be further tested and more fossil records are needed to
determine the migration and evolution of Woodwardia species. In
addition, the discovery of the present fossil indicates that
Woodwardia species were present in low-latitude tropical areas
of South China as early as the middle Eocene, which has never
before been reported.

Many authors have also noted that some Cenozoic ferns are very
similar to the present-day representatives of this group, and could
be assigned directly to the same genera, or even species (Pigg and
Rothwell, 2001; Conran et al., 2010; Homes et al., 2015). There are
also a few Cenozoic ferns that cannot be assigned to extant genera,
for example, Makotopteris princetonensis Stockey, H. Nishida et
Rothwell from themiddle Eocene of Canada (Stockey et al., 1999). In
the case ofW. changchangensiswe compared our specimen not only
to other fossil forms, but to some of the living species that share
some important features with W. changchangensis. As a result, we
found that the present fossil most closely resemblesW. japonica, as
mentioned above. Because of the morphological similarities, it is
reasonable to believe that the growth environment of
W. changchangensiswas similar to that of extantW. japonica, which
is found on ridges, exposed slopes, and shaded forests, and is
largely restricted to warm or moist locations (Wang et al., 2013; Xu
and Deng, 2017). Together with the new observations on our fossil
fern, and the previous study of the thelypteridacean fern Cyclosorus
scutum Naugolnykh, Wang, Han et Jin recovered from the same
locality (Naugolnykh et al., 2016), the climate of the Changchang
Basin during the middle Eocene is interpreted to have been warm
and humid, more or less similar to the climatic conditions of this
region today.

http://GBIF.org
https://doi.org/10.15468/dl.hk6phj


Table 1
Fossil records of the genus Woodwardia.

Species Locality Age Reference

Woodwardia arctica (Heer) R.W. Brown Wyoming, USA Paleocene Manchester (2014)
North Dakota, USA Paleocene Manchester (2014)
Zeya-Bureya depression, Russia Paleocene/Eocene Collinson (2001)

W. bureiensis Fedotov Heilongjiang Province, China Paleocene Wang et al. (2006)
W. gravida Hickey Western North Dakota, USA Paleocene Hickey (1977)
W. kamtschatica Budantsev Kamchatka, Russia Paleocene Budantsev (2006)
W. latiloba Lesquereux Colorado, USA Paleocene Knowlton (1919)
W. arctica (Heer) R.W. Brown Japan Eocene Collinson (2001)
W. crenata Knowlton Wyoming, USA Eocene Knowlton (1919)

Colorado, USA Eocene Knowlton (1919)
W. japonica Sw. var. eocenica Hokkaidao, Japan Eocene Endo (1962)
W. changchangensis Naugolnykh et Song Hainan Island, China Eocene This study
W. maxoni Knowlton Wyoming, USA Eocene Knowlton (1910)
W. preareolata Knowlton Wyoming, USA Eocene Knowlton (1899)
W. muensteriana (C. Presl in Sternberg) Kr€ausel �Cesk�e st�redoho�rí Mts., North Bohemia Oligocene Kva�cek et al. (2018)
W. sasae Ôishi et Huzioka Southeastern Hokkaido, Japan Oligocene Tanai (1970)
W. deflexipinna H.V. Smith Southeastern Oregon, USA Miocene Smith (1938)
W. florissantia Cockerell Colorado, USA Miocene Knowlton (1919)
W. roessneriana (Ung.) Heer Georgia Miocene Shatilova et al. (2011)
W. sp. Jilin Province, China Miocene Li and Yang (1984)
W. columbiana Knowlton Cascades of Columbia, Oregon, USA Pliocene Knowlton (1910)
W. radicans (L.) Smith Georgia Pliocene Shatilova et al. (2011)
W. roessneriana (Ung.) Heer Georgia Pliocene Shatilova et al. (2011)
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