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Abstract A new species of structurally preserved fern

rhizome, Ashicaulis plumites (Osmundaceae, Filicales), is

described from the Middle Jurassic Tiaojishan Formation

in western Liaoning Province, NE China. The new species

is characterized by a peculiar sclerenchyma mass in the

petiolar vascular bundle concavity. This sclerenchyma

mass varies from a linear-shape to a mushroom-like shape

with a remarkable outward protuberance, which distin-

guishes the present new species from other Ashicaulis

species. Such a protuberance is very rare among osmun-

daceous ferns, and should represent a unique type for

sclerenchymatous tissue in the osmundaceous vascular

bundle concavity. Recognition of the peculiar structure of

this new fossil species enriches anatomical diversity of

permineralized osmundaceous ferns, indicating that the

family Osmundaceae might have experienced a remarkable

diversification during the Middle Jurassic in NE China. The

new species show anatomical similarities to Osmunda

pluma Miller from the Palaeocene of North America. The

occurrence of A. plumites in the Middle Jurassic of China

provides a new clue for understanding the evolution of

some members of the living subgenus Osmunda.

Keywords Ashicaulis � Osmundaceae � Middle

Jurassic � Western Liaoning � China � Evolution

Introduction

Osmundaceae, a basal family of living filicalean ferns, is

regarded as a sister clade to all other leptosporangiate ferns

based on molecular data (Pryer et al. 2004; Rai and Gra-

ham 2010; Smith et al. 2006). Living Osmundaceae com-

prises about 21 species of four genera, including Osmunda

Linnaeus, Todea Willdenow, Leptopteris Presl as well as

Osmundastrum Presl (McAvoy 2011; Metzgar et al. 2008).

This family is significant among fern taxa due to its

extensive fossil record with more than 200 species (Tidwell

and Ash 1994; Tidwell and Clifford 1995). Among them,

over 80 species are recognized based on permineralized

rhizome specimens (Tian et al. 2008). Compared to fossil

foliages, the permineralized materials are crucial for

studying the classification, phylogeny and evolution of the

Osmundaceae because they bear more anatomical and

phylogenetic information (Tian et al. 2008). However, the

anatomical diversity and phytogeographic history of the

fossil Osmundaceae are not well understood.
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The western Liaoning and northern Hebei Provinces of

northeastern China hosts one of the most significant

Jurassic fossil localities and centers of diversification for

osmundaceous rhizomes in the Northern Hemisphere (Tian

et al. 2013a). To date, six species of Ashicaulis and two

species of Millerocaulis were documented in this region,

including A. hebeiensis (Wang) Tidwell, A. liaoningensis

(Zhang et Zheng) Tidwell, A. macromedullosus Matsum-

oto, Saiki, Zhang, Zheng et Wang, A. claytoniites Cheng,

A. beipiaoensis Tian, Wang, Zhang, Jiang et Dilcher and

A. wangii Tian et Wang as well as M. sinica Cheng et Li

and M. preosmunda Cheng, Wang et Li (Cheng and Li

2007; Cheng et al. 2007; Cheng 2011; Matsumoto et al.

2006; Tian et al. 2013a, b; Wang 1983; Zhang and Zheng

1991). In addition, Yang et al. (2010) briefly described a

well preserved osmundaceous rhizome with fronds and

in situ spores from the Middle Jurassic of Chaoyang,

western Liaoning. These records provide important evi-

dences for understanding the palaeogeographical distribu-

tion of osmundaceous ferns. In this paper, we describe a

new species, i.e., A. plumites sp. nov. from the Middle

Jurassic Tiaojishan Formation in western Liaoning, NE

China. Compared to other fossil and living osmundaceous

ferns, this new species is characterized by a specialized

petiolar structure yielding a sclerenchyma mass with a

distinctive outward protuberance in the petiolar vascular

bundle concavity, which distinguishes the present new

species from other Ashicaulis species. Such a protuberance

has been only observed in Osmunda pluma Miller from the

Palaeocene of North America, and represents a distinct

type for sclerenchymatous tissue in the osmundaceous

vascular bundle concavity. The specialized structure of this

new fossil species enriches anatomical diversity of per-

mineralized osmundaceous ferns, indicating that the family

Osmundaceae might have experienced a remarkable

diversification during the Middle Jurassic in NE China.

Materials and methods

The fossil materials include two structurally preserved

rhizome specimens. They were collected from the Middle

Jurassic Tiaojishan (=former Lanqi) Formation in Taizi-

shan and Laimaying Villages of Changgao Town, Beipiao

City, Liaoning Province, NE China. The Tiaojishan For-

mation, with a thickness of about 2300 m, mainly consists

of intermediate extrusive and pyroclastic rocks with inter-

calations of basic volcanic and sedimentary rocks (Wang

et al. 1989). Over the past several years, a large number of

plant fossils with exceptional preservations have been

collected and investigated from the Middle Jurassic

deposits in the western Liaoning region, NE China,

including cycad stems and conifer wood (Jiang et al. 2008,

2012; Zhang et al. 2006). Many leaf fossils have also been

reported from this formation, including ferns, cycads,

ginkgophytes, conifers, sphenophytes and bryophytes as

well (e.g. Wang et al. 2006; Zheng and Zhang 1982; Zhang

and Zheng 1987). The Tiaojishan formation is generally

considered to be the Middle Jurassic in age (e.g. Duan et al.

2009; Zhang and Zheng 1987; Zhang et al. 2008), though

some recent high-precision 40Ar/39Ar data of volcanic rock

dating revealed an age of 160.7 ± 0.4 or 158.7 ± 0.6

million years (Ma) (late Middle Jurassic to early Late

Jurassic) for the lowest part of the Tiaojishan Formation

(Chang et al. 2009).

The specimens described here are permineralized with

silica. Thin sections were prepared by standard methods

(Jones and Rowe 1999). Specimens described in this paper

include two rhizomes with two microscopic slides made

from each of the rhizome. All specimens and slides are

housed in Paleontological Museum of Liaoning, Shenyang,

China, with the registration numbers PMOL–B01252 and

PMOL–B01253. Photographs were taken with ACT–1C for

DXM1200C Software adapted to Nikon E600 ECLIPSE

Microscope, and NLS–Element F 3.0 Software adapted to

Nikon SM800 Stereomicroscope.

Systematics

Order––Filicales

Family––Osmundaceae Berchtold et Presl, 1820

Subfamily––Osmundoideae sensu Tidwell, 1994

Genus––Ashicaulis Tidwell 1994

Species––Ashicaulis plumites Tian et Wang sp. nov.

(Figures 1, 2, 3, 4)

Species diagnosis

Permineralized rhizome surrounded by petiole bases and

adventitious roots. Ectophloic dictyoxylic siphonostele.

Pith 1.0–2.2 mm in diameter. Xylem cylinder with about

20 xylem strands, 0.5–0.6 mm in thickness (9–10 trac-

heids). Xylem segments separated by complete leaf gaps.

Cortex two-layered; inner cortex containing about 15 leaf

traces; outer cortex with about 13 leaf traces. Leaf trace

reniform to C-shaped, adaxially concave, protoxylem

cluster single, endarch, first bifurcating in the outer cortex.

Near point of attachment of the petiole base to the stem, a

small sclerenchymatous mass occurring in the vascular

bundle concavity and in each stipular wing. Distally,

sclerenchyma tissue in the vascular bundle concavity

undergoing a series of shape variation from ovate to

crescent, curving clavate and mushroom-like shaped, and

finally becoming mushroom-like shaped just above the

stipular region. Sclerotic ring heterogeneous, near the
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basal level of the stipular region, a thin thick-walled fiber

arch appearing on the abaxial side; then it completely

occupying the whole abaxial side of the sclerotic ring, and

bifurcating into two lateral masses near the high level of

the stipular region. The sclerenchyma tissue in the stipular

wing increasing in size distally, and varies to linear shape

near the middle of the stipular region. Adventitious roots

diarch.

Holotype: PMOL–B01252.

Paratype: PMOL–B01253.

Repository: All specimens are deposited in the Palaeonto-

logical Museum of Liaoning, Shenyang, China.

Type locality: Taizishan and Laimaying Villages of

Changgao Town, Beipiao, Liaoning Province, NE China.

Horizon: The Tiaojishan Formation, Middle Jurassic.

Etymology: The specific epithet plumites is proposed to

indicate the resemblance of the new species to the fossil

taxon O. pluma in anatomical characters, which was

reported from the Paleocene Fort Union Formation of

North Dakota, USA (Miller 1967).

Fig. 1 A. plumites sp. nov. (Holotype, PMOL–B01252) a Cross

section of the rhizome with a single stem surrounded by petiole bases

and roots, scale bar 1.0 cm. b Cross section of the stem, showing the

xylem cylinder (XC), leaf trace (LT), inner cortex (IC) and outer

cortex (OC), scale bar 1.0 mm. c Enlargement of xylem cylinder

(XC), showing an ectophloic–dictyoxylic siphonostele, leaf traces

(LT) and root trace (RT) in inner cortex (IC), scale bar 0.4 mm.

d Cross section of pith (P), showing parenchymatous cells, scale bar

0.1 mm. e Cross section, showing a leaf trace with one protoxylem

cluster (arrow) in inner cortex (IC), scale bar 0.25 mm. f Cross

section, showing a leaf race with two protoxylem clusters (arrows) in

outer cortex (OC), scale bar 0.25 mm. g Cross section of an

adventitious root with diarch xylem, scale bar 0.1 mm
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Description

Two permineralized rhizome specimens, numbered

PMOL–B01252 and PMOL–B01253, are designated as the

new species. The specimen PMOL–B01252 is selected as

the holotype for bearing well-preserved anatomical struc-

tures. The paratype, PMOL–B01253 is not as well-pre-

served as the holotype; however, its petiolar structure is

well-preserved which is critical for the classification of

Osmundaceae.

Fig. 2 A. plumites sp. nov. (Holotype, PMOL–B01252) a Cross

section of a petiole base near point of attachment to the stem, showing

homogeneous sclerotic ring (SR), vascular bundle (VB) and small

sclerenchymatous masses (arrows) in stipular wing (SW), scale bar

0.4 mm. b, c Petiole base at basal level, showing homogeneous

sclerotic ring (SR), C-shaped vascular bundle (VB) and sclerenchyma

masses (SM) in stipular wings (SW) and vascular bundle concavity

(arrows), scale bar 1.0 mm (b), 0.5 mm (c). d, e Petiole bases at

median level, showing heterogeneous sclerotic ring (SR) with a thin

layer of thick-walled fibers on the abaxial side (black arrows), a curved

clavate sclerenchyma mass (SM) in vascular bundle (VB) concavity and

a sclerenchyma mass (SM) in stipular wing (SW), scale bar 0.5 mm.

f Petiole base at more diatal level, showing the heterogeneous sclerotic

ring (SR) with its abaxial side occupied by a thick-walled fiber arch,

and a huge sclerenchyma mass (SM) with outward protuberance in

vascular bundle (VB) concavity, scale bar 1.0 mm. g, h Petiole bases at

distal end of stipular zone, showing thick-walled fiber arch (arrows)

bifurcating into two lateral parts along abaxial side of sclerotic ring

(SR), and sclerenchyma mass (SM) with outward protuberance in

vascular bundle concavity, scale bar 1.0 mm
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The holotype is preserved as a conical to cylindrical

stem with a maximum diameter of 6.0 cm (Fig. 1a). A

transverse section of the holotype shows only a single stele

surrounded by a sheath of petiole bases and adventitious

roots (Fig. 1a).

The stem is about 5.5–8.0 mm in diameter, and com-

prised of a pith, a xylem cylinder and a two-layered cortex

(Fig. 1b). The pith is 1.0–2.2 mm across, and composed of

homogeneous isodiametric parenchymatous cells (Fig. 1d).

The xylem cylinder is somewhat twisted in the holotype,

and consists of about 20 xylem strands, each about

0.5–0.6 mm thick (9–10 tracheids) (Fig. 1c). The xylem

strands with mesarch protoxylem elements are mainly

composed of metaxylem tracheids surrounding the proto-

xylem points (Fig. 1c). The xylem cylinder is dissected

mostly by definite leaf gaps which are debatably immediate

type (Fig. 1c). The phloem is ectophloic, but not well

preserved.

The cortex contains many helically arranged leaf traces.

The whole cortex can be differentiated into two distinct

layers, i.e. a 0.85 mm thick inner cortex, and a 1.5–2.5 mm

thick outer cortex (Fig. 1b). The parenchymatous inner

cortex is poorly preserved, and contains over 15 leaf traces;

the outer cortex is sclerenchymatous with 13 leaf traces

(Fig. 1b). The leaf trace is reniform, with a single endarch

protoxylem cluster when departing from the stele (Fig. 1e),

and becomes C-shaped with two protoxylem strands when

entering into the outer cortex (Fig. 1f). Upon departing

from the stele, the leaf trace enters the petiolar zone.

The petiole base bears two typical stipular wings

(Figs. 2, 3, 4d–h). The petiolar size, shape and scleren-

chyma arrangement varies at different levels. Immediately

proximal to the junction of the stem, the petiole base is

characterized by a homogeneous sclerotic ring composed

of thin-walled fibers and a C-shaped vascular strand with

more than two adaxial protoxylem clusters (Figs. 2a, b, 3);

at this level, a very small sclerenchyma mass occurs in

each petiolar stipular wing (Figs. 2a, b, 3). Distally, the

sclerenchyma tissue in the petiolar vascular bundle con-

cavity undergoes a series of shape variation subsequently

from ovate, crescent, curved clavate to a mushroom or

umbrella shape (Figs. 2c–h, 3, 4d–j). Just in the stipular

region, the petiolar sclerotic ring varies distally from

homogenous to heterogeneous; at the basal level of the

stipular region, a thin thick-walled fiber arch appears on the

abaxial side of the sclerotic ring (Figs. 2d, e, 3, 4d, e).

Distally, the thick-walled fiber arch completely occupies

the whole abaxial side of the sclerotic ring (Figs. 2f, 3, 4f).

Near the high level of the stipular region, the thick-walled

fiber arch bifurcates into two individual masses on the

lateral part of the abaxial side of the sclerotic ring

(Figs. 2g, h, 3, 4g, h). The sclerenchyma tissue in the

stipular wing increases in size distally, and becomes linear

shape near the middle of the stipular region. No scleren-

chyma tissue occurs in other part of the petiolar cortical

region. Adventitious roots bear typical diarch xylem

(Fig. 1g), and always arise endogenously from the stem

xylem cylinder (Fig. 1c).

Comparison

Osmundaceous taxa are characterized by the two-layered

cortex, the C-shaped leaf traces, the stipular wings, and the

sclerotic ring encircling the vascular strands of the stipular

petiole base. (Bower 1926; Hewitson 1962; Miller 1971;

Ogura 1972; Tidwell and Ash 1994). Among the two

subfamilies of Osmundaceae, the Thamnopteroideae char-

acterizes itself by a protostele, whereas Osmundoideae has

a dictyoxylic siphonostele or a dictyostele (Tidwell and

Ash 1994). Anatomical characters of the present fossil

specimens are consistent with the anatomical features of

Fig. 3 A. plumites sp. nov.

Sketch drawings based on the

paratype (PMOL–B01253),

showing serial transverse

sections of petiole bases

(abaxial side upper). Scale bar

1.0 mm. Notes: Gray colour

indicates thin-walled fibers;

black colour indicates the thick-

walled fibers; the letters indicate

different stages of petiole bases
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the Osmundaceae, and particularly with that of the sub-

family Osmundoideae. The Osmundoideae includes five

fossil genera (Palaeosmunda Gould, Ashicaulis Tidwell,

Millerocaulis Erasmus ex Tidwell emend. Tidwell, Osm-

undacaulis Miller emend. Tidwell and Aurealcaulis Ti-

dwell et Parker) (Tian et al. 2008). The combination of

anatomical feature (ectophloic dictyoxylic siphonostele,

distinct leaf gaps and oval sclerotic ring) indicates the

affinity of the new species to the genus Ashicaulis. Most of

the anatomically preserved osmundaceous trunks are not

attributable to the living species, and their fronds, spo-

rangia, and spores are almost unknown. These fossils could

represent either species of extinct genera or extinct species

of genera with living representatives (Cheng 2011; Jud

et al. 2008; Rothwell et al. 2002). The new species

described here should be taxonomically assigned to

Ashicaulis.

According to Tidwell (1994), the genus Ashicaulis was

restricted to osmundaceous species that have xylem cyl-

inders bearing numerous definite leaf gaps. Nearly 30

species have been referred to Ashicaulis so far worldwide

(Cheng 2011; Tian et al. 2008, 2013a, b). The petiolar

sclerenchyma arrangement is considered as one of the key

features for classifying osmundaceous species (Hewitson

1962; Miller 1971). Most of the reported Ashicaulis spe-

cies are characterized by a homogeneous petiolar sclerotic

ring, while only five species are with a heterogeneous

sclerotic ring as does our present material. These are

A. johnstonii (Tidwell, Munzing et Banks) Tidwell,

A. kidstonii (Stopes) Tidwell, A. liaoningensis, A. clayton-

iites and A. wangii (Cheng 2011; Stopes 1921; Tian et al.

2013b; Tidwell 1994; Tidwell et al. 1991). Among these

five species, A. johnstonii and A. kidstonii are reported

from the Upper Triassic and the Cretaceous of Australia,

respectively (Stopes 1921; Tidwell et al. 1991), and other

three species are all described from the Middle Jurassic of

western Liaoning, NE China. Since the presence of het-

erogeneous petiolar sclerotic ring, A. plumites is compared

to these five species (Table 1). T
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Fig. 4 A. plumites sp. nov. (Paratype, PMOL–B01253) a External

view of specimen, scale bar 1.0 cm. b Cross section of rhizome,

showing pith (P), xylem cylinder (XC), inner cortex (IC) and outer

cortex (OC), scale bar 2.0 mm. c Cross section of stem, showing the

xylem cylinder (XC), an ectophloic dictyoxylic siphonostele with

definite leaf gaps, inner cortex (IC), outer cortex (OC) and leaf traces

(LT), scale bar 1.0 mm. d–h Petiole bases at different levels, showing

vascular bundle (VB), heterogeneous sclerotic ring (SR) with abaxial

sclerenchymatous fiber belt (SFB), stipular wing (SW) and the

varieties of sclerenchyma arrangement (SM) in vascular bundle

concavity and stipular wings; arrows indicate thick-walled fiber arch

on abaxial side of sclerotic ring, scale bar 0.5 mm. i, j Petiole bases

above stipular level with a huge mushroom-like sclerenchymatous

mass in vascular bundle concavity, and thick-walled fiber arch

bifurcated into two lateral parts (arrows), scale bar 1.0 mm (i),
2.0 mm (j)

b
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Compared to the new species, A. kidstonii has two

sclerenchyma masses in the petiolar vascular bundle con-

cavity (Miller 1971; Stopes 1921). In A. claytoniites, the

whole periphery of the sclerotic ring is encircled by thick-

walled fiber (Cheng 2011). In A. johnstonii and A. liaon-

ingensis, the thick-walled fiber arch on the abaxial side of

the sclerotic ring never bifurcates into two lateral parts

(Tidwell et al. 1991; Zhang and Zheng 1991). The new

species bears great similarities to A. wangii in the structure

of the petiolar sclerotic ring as well as the sclerenchyma

mass in the stipular wing; however, differs from the later

by the absence of sclerenchymatous clusters in the petiolar

inner cortex (Tian et al. 2013b).

A. plumites is characterized by a unique sclerenchyma

mass in the petiolar vascular bundle concavity. This scle-

renchyma mass is characterized by a remarkable outward

protuberance which distinguishes itself from other five

Ashicaulis species. The mushroom or umbrella form of the

sclerenchyma is very rare among osmundaceous ferns, and

is only documented in O. pluma Miller from the Palaeo-

cene of North Dakota, America (Miller 1971). These two

species are also very similar to each other in the type of

petiolar sclerotic ring and sclerenchyma mass in the stip-

ular wings. However, many scattered sclerenchymatous

clusters occur in the inner and outer petiolar cortex of

O. pluma (Miller 1971) which are absent in A. plumites.

Based on the above comparisons, the present fossils are

designated as a distinct new species of Ashicaulis.

It is noted that the genus Millerocaulis resembles Ash-

icaulis in the anatomical structures, geological range and

palaeo-geographical distribution pattern (Tian et al. 2008).

Vera (2008) proposed the recombination of Ashicaulis

Tidwell and Millerocaulis Erasmus ex Tidwell, and pointed

out that recent specimens referred to Ashicaulis should be

compared to previously described species of both Ashi-

caulis and Millerocaulis. To date, about 11 species of

Millerocaulis have been reported worldwide ranging from

the Triassic to the Cretaceous (Tidwell 1986; Vera 2010).

Among them, six species bear heterogeneous petiolar

sclerotic ring, represented by M. preosmunda, M. sinica,

M. embreei Stockey et Smith, M. juandahensis Tidwell et

Clifford, M. indentata Hill, Forsyth et Green and M. tekelili

Vera (Cheng and Li 2007; Cheng et al. 2007; Hill et al.

1989; Stockey and Smith 2000; Tidwell and Clifford 1995;

Vera 2010). Though sharing a heterogeneous petiolar

sclerotic ring, all these six species are distinct from A.

plumites. In M. embreei, M. tekelili and M. indentata,

numerous sclerenchyma clusters occur in the petiolar cor-

tex (Stockey and Smith 2000; Vera 2010), while they are

absent in A. plumites. In M. juandahensis, two individual

sclerenchyma masses exist in the vascular bundle concav-

ity (Tidwell and Clifford 1995). Compared to A. plumites,

M. preosmunda and M. sinica bear one large mass and

several small sclerenchyma clusters in the stipular wing

(Cheng and Li 2007; Cheng et al. 2007). Furthermore,

among these six species, there is no outward protuberance

in the sclerenchyma mass of the vascular bundle concavity.

Discussion

For osmundaceous ferns, sclerenchymatous tissues are well-

developed in several regions of the petiole base (i.e., the

vascular bundle concavity, inner and outer petiolar cortex

and the sclerotic ring) (Hewitson 1962; Miller 1971). The

distribution pattern of the petiolar sclerenchyma is crucial for

the taxonomy and phylogeny of osmundaceous ferns (He-

witson 1962; Miller 1967; Tidwell and Ash 1994). As far as

the sclerenchymatous tissues in the vascular bundle con-

cavity is concerned, three major types are generally recog-

nized among the genus Ashicaulis, including (1) those

lacking sclerenchyma tissues, represented by A. macrome-

dullus, A. websteri (Tidwell, Munzing et Banks) Tidwell, A.

Kolbei (Seward) Tidwell, A. beardmorensis (Schopf) Ti-

dwell, A. amajolensis (Sharma) Tidwell, A. sahnii (Vishnu-

Mittre) Tidwell (Matsumoto et al. 2006; Schopf 1978;

Seward 1907; Sharma 1973; Tidwell 1994; Tidwell et al.

1991; Vishnu-Mittre 1955); (2) those with one crescent or

linear shaped sclerenchyma mass, including A. beipiaoensis,

A. wangii, A. johnstonii, A. liaoningensis, A. santaecruscis

(Herbst) Tidwell, A. wadei (Tidwell et Rushforth) Tidwell.

(Herbst 1977; Tian et al. 2013a, b; Tidwell and Rushforth

1970; Tidwell et al. 1991; Zhang and Zheng 1991); (3) those

with two sclerenchyma masses, represented by A. gibbiana

(Kidston et Gwynne-Vaughan) Tidwell, A. patagonica

(Archangelsky et de la Sota) Tidwell, A. wrighti (Tidwell,

Munzing et Banks) Tidwell, A. brogani (Tidwell, Munzing et

Banks) Tidwell, A. sawanensis (Tidwell, Munzing et Banks)

Tidwell, A. australis Vera. (Archangelsky and de la Sota

1962; Herbst 1977; Kidston and Gwynne–Vaughan 1907;

Tidwell et al. 1991; Vera 2007).

The new species A. plumites is similar to the above

mentioned type 2. However, the sclerenchyma mass of type

2 is always inwardly concave. In contrast, the scleren-

chyma mass in A. plumites varies from a linear shape to a

mushroom-like shape with remarkable outward protuber-

ance. Therefore, A. plumites should represent a peculiar

type of sclerenchymatous tissues in the osmundaceous

vascular bundle concavity.

To explain the inducement mechanism of such a peculiar

feature, the phyto-physiology of the petiolar sclerenchyma-

tous tissues is noted. Combined with other parenchymatous

tissues, these sclerenchymatous tissues play a role in pro-

viding a mechanical strength for the fronds. Undoubtedly,

the more petiolar sclerenchymatous tissues the higher

mechanical strength is provided. Different strategies are
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performed by osmundaceous plants to get greater mechani-

cal strength. For instance, osmundaceous rhizomes reported

from the Southern Hemisphere are mostly with a homoge-

neous sclerotic ring with thin-walled fiber and numerous

well-developed small sclerenchymatous masses in the peti-

olar inner cortex and stipular wings (e.g. Ashicaulis aus-

tralis, A. rajmabalensis, A. sahnii, Millerocaulis tekelili,

Osmundacaulis janii) (Gupta 1968; Pigg 1993; Tidwell and

Vera 2007, 2010; Vishnu-Mittre 1955). In contrast, most

Chinese fossils bear a heterogeneous sclerotic ring with

thick-walled fibers and a large sclerenchymatous mass in the

vascular bundle concavity. As far as the new species

described here is concerned, A. plumites develops a spe-

cialized sclerenchymatous mass with outward protuberance

in the vascular bundle concavity. The distinct strategy to get

mechanical strength between the Chinese and the Southern

Hemisphere forms may indicate a divergence in character

evolution due to geographical isolation. It is of interest that a

large desert arid area was distributed in the low latitudes of

both hemispheres during the Triassic to Jurassic periods

(Boucot et al. 2009). These arid areas might have acted as a

natural barrier and geographical isolation for the migration

and gene exchange of Ashicaulis.

It is noted, Ashicaulis and Millerocaulis share close

similarities in anatomical structures to the living Osmunda

than other osmundaceous fossil rhizome taxa (Cheng

2011). They are considered to be the closest ancestors of

the extant Osmundaceae (Rothwell et al. 2002; Stockey and

Smith 2000; Tidwell and Ash 1994). Of interest, the most

taxa of the living genus Osmunda are also characterized by

a heterogeneous petiolar sclerotic ring. As mentioned

above, A. plumites show similarity to the Palaeocene

O. pluma from North America in the petiolar structures.

Another species, A. wangii Tian et Wang, recently docu-

mented from the Jurassic of the western Liaoning (Tian

et al. 2013b), is also structurally similar to O. pluma in the

type of the thick-walled fiber arch on the abaxial sclerotic

ring and the well-developed sclerenchymatous clusters in

the inner petiolar cortex. Generally, O. pluma seems to be a

blending outcome of A. plumites and A. wangii.

Miller (1971) gave a remarkable conclusion on the

phylogeny of both living and fossil osmundaceous ferns

based on anatomical features. In his cladistic analysis,

O. claytoniana Linnaeus, O. nathorstii Miller, O. pluma,

O. oregonensis (Arnold) Miller, O. regalis Linnaeus,

O. japonica Thunberg and O. lancea Thunberg form one of

the paraphyletic groups of subgenus Osmunda (Miller

1971). Among these species, O. claytoniana and O. na-

thorstii form a secondary branch, the rest forms another

branch. Miller (1971) emphasized that in O. pluma and

O. oregonensis, bifurcation of the petiolar abaxial thick-

walled fiber arch occurs just above the stipular region,

while in O. regalis, O. japonica, and O. lancea division of

the arch occurs in the lower one-third of the stipular region

with the two lateral clusters changing almost immediately

to form a narrow, inconspicuous band in the abaxial

semicircle of the ring which extends upward the remaining

length of the stipular region. O. claytoniana is similar to

O. regalis, O. japonica and O. lancea, but changes are

arrested with the formation of two lateral masses of scle-

renchyma which extend upward throughout the remainder

of the stipular region (Miller 1967). Totally, in the present

new species, bifurcation of the thick-walled fiber arch also

occurs in the stipular region and extends upward just as in

the O. claytoniana. Considering the remarkable anatomical

similarity of A. plumites, O. pluma and O. claytoniana, the

new species should also be a member of this paraphyly.

Yatabe et al. (1999) discussed the phylogeny of Os-

mundaceae based on rbcL nucleotide sequences. In their

neighbor-joining tree, O. claytoniana, O. regalis,

O. japonica and O. lancea also form a paraphyly (Yatabe

et al. 1999). The divergence time between this paraphyly

and other members of Osmundaceae was evaluated to be

about 210 Ma (Yatabe et al. 1999). The occurrence of

A. plumites in the Middle Jurassic of China provides a new

clue for understanding the divergence time of this para-

phyletic group.

In conclusion, the current report of the new fossil spe-

cies A. plumites enriches the anatomical diversity of per-

mineralized osmundaceous ferns, and provides further

information for understanding the evolution of the osm-

undaceous ferns.
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