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a b s t r a c t
Diminutive, silica-permineralized lycopsid axes, from a Guadalupian (Middle Permian) siliciﬁed peat in the
Bainmedart Coal Measures of East Antarctica are described and assigned to Paurodendron stellatum sp. nov.
Axes consist only of primary-growth tissues with a vascular system characterized by an exarch actinostele
with 6–20 protoxylem points. Stems have a relatively narrow cortex of thin-walled cells that are commonly degraded, but the root cortex typically contains more robust, thick-walled cells. The stems bear helically inserted,
elliptical–rhombic, ligulate microphylls. Roots possess an eccentrically positioned monarch vascular strand.
Paurodendron stellatum is one of a very small number of anatomically preserved lycopsid axes described from
the Gondwanan Permian and represents the ﬁrst post-Carboniferous record of this genus. Based on dispersed
vegetative remains, megaspores and microspores, herbaceous lycopsids, such as P. stellatum, appear to have
been important understorey components of both low- and high-latitude mire forests of the late Palaeozoic.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Axis adpressions and casts of subarborescent to arborescent lycopsids
are relatively abundant in Permian strata of western Gondwana (South
America and southern Africa: Cúneo and Andreis, 1983; Anderson and
Anderson, 1985; Cariglino et al., 2012) but are less common in coeval deposits of the eastern sector of the supercontinent. Herbaceous lycopsids,
such as Cyclodendron leslii (Seward) Kräusel, 1928, have scattered distributions across Gondwana, are sporadically represented through the
Permian, and are known mostly from axis impressions and compressions,
in some cases with attached microphylls, preserved cuticle, or associated
sporangia (Rigby, 1966; Townrow, 1968; Chandra and Rigby, 1981;
Rayner, 1985; Beeston, 1990). Permineralized remains of either arborescent or herbaceous lycopsids are very scarce in Permian Gondwanan
deposits (Renault, 1890a,b; Archangelsky and de la Sota, 1966;
Schwendemann et al., 2010; Ryberg et al., 2012).
The high-latitude Antarctic Permian and Triassic fossil record is particularly sparse with respect to lycopsids compared to the remainder of
Gondwana. A review of Antarctic fossil macroﬂoras by Rigby and Schopf
(1969) found no evidence of Permian lycopsids and, although this record has since improved, representatives of this plant group in the late
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Palaeozoic of Antarctica remain rare. Lycopodiopsis pedroanus (Carr.)
Edwards, 1952 was reported by Plumstead (1975) from Cisuralian strata of Milorgfjella, Dronning Maud Land, but this material may alternatively represent coniferous remains (McLoughlin et al., 2005). Two
herbaceous lycopsid species have been recorded recently from
Lopingian strata of the Transantarctic Mountains: compressions and impressions of a leafy axis, Collinsonites schopﬁi (Schwendemann et al.,
2010); and siliceous permineralized strobilar remains, Collinsonostrobus
eggertii (Ryberg et al., 2012). These fossils may represent separate parts
and different preservational states of the same whole-plant species.
Antarctic Triassic deposits are also rich in lycopsid spores but only a
single macrofossil species, attributed to the Pleuromeiales, has been described (Bomﬂeur et al., 2011), although dispersed sporangial and microphyll remains have been noted in mesofossil assemblages (McLoughlin
et al., 1997; Cantrill and Poole, 2012). Apart from pleuromeians in the
Early Triassic, herbaceous or subarborescent lycopsids remained relatively scarce as macrofossils in subsequent austral Mesozoic ﬂoras
(McLoughlin et al., 2014).
Pigg (1992, 2001) noted several major deﬁciencies in knowledge of
the phylogenetic relationships, anatomy, palaeogeography and palaeoecology of late Palaeozoic and Mesozoic Isoëtes-like lycopsids. In particular, the family-level afﬁnities, anatomy and ecological preferences of
most Permian Gondwanan lycopsids remain unresolved. Arborescent
forms probably have afﬁnities with the lepidodendrids based on gross
similarities with Northern Hemisphere Palaeozoic representatives of
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that group (Chaloner et al., 1979). However, herbaceous forms may be
conﬁdently afﬁliated with Isoëtales (Wood and Beeston, 1986),
Selaginellales (Townrow, 1968) or Lycopodiales (Ryberg et al., 2012)
only where reproductive or specialized vegetative characters are
preserved.
Despite the scarcity of lycopsid macrofossils in Gondwanan Permian
strata, many deposits yield abundant megaspores and microspores that
point towards a signiﬁcant diversity of these plants in the regional ﬂora.
Dispersed cinguli-cavate microspores, generally afﬁliated with
lycopsids (Balme, 1995), are widely distributed in Antarctic Permian
palynoﬂoras (Larsson et al., 1990; Farabee et al., 1991; Lindström,
1995a,b; McLoughlin et al., 1997). Megaspores are also abundant in
Permian strata of Antarctica and neighbouring regions of Gondwana
suggesting that most regions of the supercontinent supported a rich
array of heterosporous lycopsids (Archangelsky et al., 1989; Cúneo
et al., 1991; Glasspool, 2000, 2003; Ricardi-Branco et al., 2002; Tewari
et al., 2009; Slater et al., 2011). The widespread occurrence and diversity
of these dispersed palynomorphs suggest that some aspect of taphonomy or ecology selected against the preservation of lycopsid vegetative
parts and that this group was potentially an important component of
the late Palaeozoic polar herbaceous vegetation.
Here we document the third lycopsid macrofossil taxon conﬁdently
recorded from the Permian of Antarctica, thus contributing to evidence
for widespread herbaceous lycopsids in the high-latitude glossopteriddominated mire vegetation of Gondwana. The new fossils extend the
macrofossil record of herbaceous heterosporous lycopsids to the Lambert Graben of East Antarctica.
2. Geological setting
The studied fossils comprise anatomically preserved (permineralized)
and charcoaliﬁed axial and foliar remains from a Guadalupian siliciﬁed
peat bed in the northern Prince Charles Mountains, Antarctica (Fig. 1).
The host deposits accumulated in the Lambert Graben — a meridional
intra-continental rift contiguous with the Mahanadi Graben of India
(Fedorov et al., 1982; Boger, 2011) that was part of the East Gondwana
Rift System (Harrowﬁeld et al., 2005) before continental breakup in the
mid-Mesozoic.
The siliciﬁed peat bed is up to 40 cm thick and caps a prominent coal
seam at the top of the Toploje Member in the lower part of the
Bainmedart Coal Measures, within the Permo-Triassic Amery Group
(McLoughlin and Drinnan, 1997a, b). The siliciﬁed peat (chert) is exposed over a strike length of around 3 km and grades laterally into
non-siliciﬁed coals and siliceous sandstones. A Wordian (c. 266 Ma)
age is ascribed to the peat layer based on palynostratigraphic correlation
with the Australian Didecitriletes ericianus Zone (=APP4.2 Zone), especially via the presence of the index taxa Didecitriletes ericianus (Balme et
Hennelly) Venkatachala et Kar, 1965 and Guttulapollenites hannonicus
Goubin, 1965 (Balme and Playford, 1967; Kemp, 1973; Playford, 1990;
McLoughlin et al., 1997; Lindström and McLoughlin, 2007).
The fossiliferous layer represents a siliceous-permineralized autochthonous/parautochthonous accumulation of plant remains from a
glossopterid-dominated, mire community (Slater et al., 2015), more
narrowly deﬁned as a forested bog in the terminology of Moore
(1989). This siliciﬁed (chert) layer is overlain by lacustrine sediments
of the Dragons Teeth Member (Fielding and Webb, 1996). Siliceous entombment of the organic matter at the base of the lacustrine sequence
has been interpreted as a response to seasonally ﬂuctuating alkalinity
(and silica solubility) of lake waters that had submerged the peat surface (McLoughlin and Drinnan, 1996; Slater et al., 2015), however, the
origin of the high levels of silica remains equivocal. Volcanogenic sediments are not associated with the peat bed in contrast to eastern
Gondwanan Permian permineralized peats (Gould and Delevoryas,
1977; Taylor et al., 1989; Pigg and McLoughlin, 1997). Eolian siliceous
dust has been proposed as a primary source of silica for bedded cherts
deposited in marine settings adjacent to warm arid areas (Cecil,

2004). However, eolian particles are an unlikely source for the large
quantity of silica precipitated in the humid high-latitude Lambert Graben, and where intense siliciﬁcation is restricted to a single massive
bed at the base of a lacustrine succession. Deeply circulated groundwaters emerging from springs along adjacent basin-margin faults are another potential source of silica (Ledesma-Vázquez et al., 1997; Sallam
et al., 2015) but no deﬁnitive origin has been identiﬁed in the case of
the Toploje Member chert.

3. Associated fossil biota
The studied lycopsid axes are co-fossilized with a moderate diversity
of plant macro- and microfossils. The fossil ﬂora is dominated by matted
foliage (Glossopteris and Noeggerathiopsis), stem wood (Australoxylon),
roots (Vertebraria), seeds (Samaropsis) and sporangia (Arberiella) of
glossopterid and cordaitalean gymnosperms (Neish et al., 1993;
McLoughlin and Drinnan, 1996; Lindström et al., 1997; Weaver et al.,
1997; Holdgate et al., 2005). Macrofossil remains of ferns are rare but
this group was clearly common in the local ﬂora based on a diverse
array of spores and sporangia co-preserved in the permineralized peat
and adjacent strata (McLoughlin et al., 1997; Lindström and
McLoughlin, 2007). Sphenophytes have not been recovered from the
permineralized peat bed but they are common in the overlying shales
of the Dragons Teeth Member. No arborescent lycopsid remains have
been found despite extensive sampling of the peat bed and associated
strata. However, three megaspore morphotypes have been documented
from the peat layer indicating the presence of several heterosporous
lycopsids in the local vegetation (Slater et al., 2011).
The siliciﬁed peat also preserves a diverse array of fungal hyphae and
reproductive structures, and Peronosporomycetes (Oomycetes) fruiting
bodies signifying the presence of an extensive saprotrophic community
(Slater et al., 2013, 2015). Exoskeleton fragments, together with a range
of insect or mite coprolites and other invertebrate traces on plant tissues, attest to a rich arthropod fauna in the peat ecosystem (Weaver
et al., 1997; Holdgate et al., 2005; Slater et al., 2012, 2015).

4. Material and methods
About 25 permineralized axes and several isolated roots and microphylls form the basis of this study. Both petrographic thin-sections and
cellulose acetate peels were prepared from the siliciﬁed peat blocks according to the procedures of Basinger and Rothwell (1977) and Hass
and Rowe (1999). Specimens were examined by light microscopy using
an Olympus BX-51 microscope and photographed with an Olympus DP71 digital camera. Scanning electron microscopy (SEM) of charcoaliﬁed
microphylls and megaspores was undertaken using JEOL JSM-840, Philips
XL-30 Field Emission Gun and Hitachi S-4300 Field Emission scanning
electron microscopes at the University of Melbourne and the Swedish
Museum of Natural History. Isolated megaspores of Singhisporites hystrix
were also examined using synchrotron X-ray tomographic microscopy
(see Slater et al., 2011) at the TOMCAT beamline of the Swiss Light Source,
Paul Scherrer Institute, Switzerland, using the techniques described by
Donoghue et al. (2006). Specimens are lodged in the Commonwealth
Palaeontological Collection (CPC) administered by the Australian Geological Survey Organization, Canberra; Museum Victoria (NMVP), Melbourne; and the Swedish Museum of Natural History, Stockholm (NRM).

5. Systematic palaeobotany
Phylum Tracheophyta
Class Lycopsida
Order Isoëtales (sensu DiMichele et Bateman, 1996)
Parataxon “Ulodendrineae” (sensu DiMichele et Bateman, 1996)
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Fig. 1. Map and stratigraphic table of Permian units in the Amery Oasis, Prince Charles Mountains, Antarctica, showing the collecting localities and their stratigraphic position (after
McLoughlin and Drinnan, 1997a). A: Amery Group stratigraphy. B: Location of the Lambert Graben. C: Location of the Beaver Lake area. D: Location of the Radok Lake area. E: Detailed
geology of the Radok Lake area.
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5.1. Genus Paurodendron Fry, 1954
Type species: Paurodendron fraipontii (Leclercq) Fry, 1954; Mississippian
of Arran, Scotland; Pennsylvanian of Belgium, France, Iowa, Illinois, Ohio
and Kansas.
Diagnosis: See Fry (1954) and subsequent emendations by Phillips and
Leisman (1966) and Schlanker and Leisman (1969).
Remarks: The nomenclatural history of specimens assigned to
Paurodendron is complex. Stewart and Rothwell (1993) provided a detailed discussion of the changing status of Paurodendron and its variably
implied afﬁnities to the ferns, Selaginellales, Isoëtales or lepidodendrids.
Fry (1954) originally designated Paurodendron arranense to be the type
species of this genus. However, later authors (Schlanker and Leisman,
1969) considered P. arranense to be a junior synonym of Paurodendron
(Botryopteris) fraipontii Leclercq, 1924, which is now regarded as the
type species.
The earliest studies of Paurodendron (Leclercq, 1924; Darrah, 1941)
documented slender permineralized axes with actinosteles and robust
cortical cells that were interpreted to reﬂect afﬁnities with ferns. Subsequent studies (Fry, 1954; Hoskins and Abbott, 1956; Leisman, 1961;
Phillips and Leisman, 1966; Schlanker and Leisman, 1969) emphasized
other characters, such as slender, branched, herbaceous stems with
exarch actinosteles, a clavate rhizomorph with limited secondary
growth and helically arranged roots, bisporangiate strobili, axillary
ligules on leaves, and leaves borne successively in decussate, simple
helix, and more complex whorl-like arrangements from the base
of the stem to the strobilus (Schlanker and Leisman, 1969). These
characters were generally interpreted to reﬂect similarities to the
Selaginellales and particularly to the extant Selaginella selaginoides (L.)
Beauv. ex Schrank et Mart. Selaginellalean afﬁnities were especially emphasized in relation to possession of features that had been interpreted
to represent a central root system arising from a root-producing meristem, secondary growth in the rhizomorph, and a change from
centrarch to exarch polyarchy from the rhizomorph to leaf-bearing
axes. Based on these apparent gross similarities, Schlanker and
Leisman (1969) even transferred the type species of Paurodendron to Selaginella. However, more recent studies on the structure and development of both fossil and extant lycopsid roots have revealed differences
in the supposed homologies in root system development between
Paurodendron fraipontii and S. selaginoides (Karrfalt, 1981; Jennings
et al., 1983). Further research on permineralized remains by Rothwell
and Erwin (1985) revealed a horizontal embryonic vascular trace in
the transition zone between the rhizomorph and leaf-bearing axis of
Paurodendron. They indicated that the rhizomorph of Paurodendron developed, as in other rhizomorphic lycopsids, from the initial geotropic
branch of a modiﬁed shoot system. Rothwell and Erwin (1985) suggested that Paurodendron was most closely afﬁliated with rhizomorphic
lycopsids ranging from herb-like (Nathorstiana) to arborescent
(lepidodendrid) forms. The eccentrically positioned, monarch vascular
bundles of Paurodendron rootlets are anatomically similar to those of extant Isoëtes, fossil pleuromeian lycopsids and the stigmarian rootlets of
lepidodendrids (Cantrill and Webb, 1998) and are interpreted to be
leaf-like structures developmentally modiﬁed for rooting, hence, fundamentally different in origin from the adventitious roots of extant Selaginella and Lycopodium (Webster and Steeves, 1964; Rothwell and Erwin,
1985; Stewart and Rothwell, 1993).
Cladistic analyses of extant and fossil lycopsids (Crane, 1990;
Bateman, 1992, 1994; Bateman et al., 1992; DiMichele and Bateman,
1996; Kenrick and Crane, 1997; Bateman and Hilton, 2009; Stevens
et al., 2010; DiMichele et al., 2013) typically include Paurodendron within a rhizomorphic lycopsid clade but its relationship to other members
of this clade remains poorly resolved. Crane's (1990) analysis could
not resolve the relationships between Paurodendron and lepidodendrids
on the one hand and an Isoëtaceae-Nathorstiana clade on the other,
resulting in a topological trichotomy. The preferred phylogenies of
Bateman (1992) and Bateman et al. (1992) resolved Isoëtes as a sister

group to a lepidodendrid clade where Paurodendron is the most basally
divergent among this group, occurring below Oxroadia in some of the
most parsimonious trees (e.g., Bateman et al., 1992, Fig. 7); whereas in
others it is sister to Oxroadia (e.g., Bateman et al., 1992, Fig. 8) in a
basal-most position within this group, albeit that the monophyly of
this clade is supported only by ornamentation characters of the microspores, which are subject to potential homoplasy. Cantrill and Webb
(1998) pointed out that these parts of the cladograms are poorly resolved owing to a large number of parallelisms within Paurodendron
and the occurrence of a single, poorly constrained reversal (presence
of a superﬁcial ligule) segregating Paurodendron from the remainder
of the lepidodendrids. Nevertheless, Stewart and Rothwell (1993) also
identiﬁed Oxroadia and Paurodendron as having a close relationship.
DiMichele and Bateman (1996) considered the Ulodendraceae
(Paralycopodites + Oxroadia + Paurodendron) as paraphyletic. Kenrick
and Crane (1997) supported a relationship between Isoëtes and extinct
rhizomorphic lycopsids (including lepidodendrids, Pleuromeiales and
Paurodendron) but their analysis did not investigate the detailed relationships of taxa within the rhizomorphic lycopsids.
Distribution: Representatives of this genus are known principally from
the Middle and Upper Pennsylvanian coals of the mid-western United
States (Darrah, 1941; Fry, 1954; Hoskins and Abbott, 1956; Leisman,
1961; Phillips and Leisman, 1966; Schlanker and Leisman, 1969;
Rothwell and Erwin, 1985). Additional specimens are recorded from
the Mississippian of Scotland, the lower part of the Pennsylvanian of
Belgium (Leclercq, 1924; Fry, 1954), the Late Pennsylvanian GrandCroix cherts of France (Galtier, 2008) and the Wordian of East
Antarctica (this study). In each case, identiﬁcation is essentially restricted to permineralized material, so the true range of the genus may be
considerably more extensive.
5.2. Paurodendron stellatum McLoughlin, Drinnan, B.J. Slater, et J. Hilton sp.
nov. (Plates I–V; Fig. 2)
1997 min papillate scale; McLoughlin et al., p. 284, Fig. 3e.
2005 Paurodendron axis; Holdgate et al., pp. 172–173, Fig. 14g.
Holotype: CPC34947 (Plate I, 1, 3; Plate II, 3, Plate III, 3).
Type locality: Site 92/9; 2 km east of Radok Lake, Amery Oasis, Prince
Charles Mountains, Antarctica (Fig. 1).
Type stratum: Siliciﬁed peat bed at the top of the Toploje Member
(Wordian), immediately underlying the Dragons Teeth Member,
Bainmedart Coal Measures.
Etymology: Latin, stella — a star; signifying the shape of the stele in transverse section.
Diagnosis: Sparsely branched, isophyllous, actinostelic axes with 6–20
exarch protoxylem groups separated by deep dissections; metaxylem
tracheids variably polygonal, bearing close-spiral or scalariform thickenings. Narrow zone of phloem bounded by endodermis. Narrow
inner cortex of thin-walled parenchyma; weakly developed middle cortex; thin outer cortex of thick-walled cells; uniseriate, un-ornamented
epidermis. Univeined leaves ovate, elliptical, or rhombic, helically
arranged, sessile; margins microcrenulate; apex acute. Roots sparsely
dichotomous, circular to transversely elliptical, monarch with eccentrically positioned vascular strand. Extra-vascular tissues of roots
consisting of thin-walled inner cortex cells, thick-walled outer cortex
cells and uniseriate epidermis.
Description: Axis structure: Axes 0.9–2 mm in diameter (Plate I, 1–6),
exceeding 11 mm in preserved length (Plate II, 8), unbranched,
dichotomous or pseudomonopodially branched (Plate II, 4), bearing helically inserted, univeined microphylls. The axes comprise (in radial
order) a central, exarch actinostele of primary xylem, a thin zone of
phloem, radially expanded transfusion cells (particularly at zones of
branching) and sparse parenchyma, a narrow endodermis and inner
cortex, a lacuna representing the position of the middle cortex, a generally thin outer cortex, and a uniseriate unornamented epidermis (Plate I,
1, 4).

S. McLoughlin et al. / Review of Palaeobotany and Palynology 220 (2015) 1–15

Vascular tissues: The actinostele consists of 6–20 wedge-shaped protoxylem arms surrounding a central column of metaxylem cells (Plate I,
3–6). Arms of the stele generally incorporate 5–8 ill-deﬁned ranks of

5

protoxylem tracheids (Plate II, 1; Plate III, 3, 4) that are polygonal to elliptical in transverse section with walls 2–4 μm thick, N160 μm long, and
which gradually increase in lumen diameter from the tips of the

Plate I. Paurodendron stellatum sp. nov. Scale bars represent 100 μm.
1
2
3
4
5
6

Transverse section of axis showing gross structure; (s) stele, (e) endodermis, (c) degraded and collapsed cortex, (ep) epidermis; CPC34947 (holotype).
Transverse section of charcoaliﬁed axis showing continuous outer cortex and possible leaf trace (lt) traversing middle cortex lacuna; yellow-tinted areas of stele and portions
of the cortex are the result of diagenetic pyrite impregnation; CPC34948a.
Stele anatomy of holotype with about 20 protoxylem points; CPC34947.
Stele with 11 protoxylem points surrounded by crushed cortex tissues; CPC34949a.
Stele with 10 protoxylem points surrounded by a thin detached endodermis; CPC34950.
Stele of young/distal axis with six protoxylem points surrounded by thin endodermis layer; CPC34951a.
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protoxylem arms (2–4 μm) to the transition with the metaxylem
(6–20 μm). Metaxylem tracheids (Plate II, 1; Plate III, 3–6) are typically
thick-walled (3–20 μm), variably polygonal (ranging from triangular to
nearly elliptical in transverse section), with lumina 16–(32)–72 μm in
diameter, and reaching N250 μm long. In proximal portions of the axis,
ﬁles of small-diameter tracheids occur interspersed with typical largediameter metaxylem tracheids (Plate III, 3). Metaxylem tracheid walls
mostly have close-spiral or scalariform thickenings (c. 1–2 μm wide)
separating c. 1–2.5 μm wide slit-like pits (Plate III, 5, 6). The transverse
thickenings are rarely joined by vertical to oblique cross-connections.
End-walls of xylem tracheids are tapered. In most cases, the xylem is
surrounded by a 16–150 μm (generally 20–55 μm) wide lacuna, which
is assumed to mark the position of degraded phloem, parenchyma and
associated transfusion cells (Plates I, 3–6; III.4). Transfusion tissue is
best preserved in regions of axis branching (Plate II, 4, 5) and consists
of cells 8–(20)–48 μm in radial diameter, 3–(7)–16 μm wide, with walls
2 μm thick that are pervasively perforated by multiseriate, alternate, simple, circular pits 1–2 μm in diameter (Plate III, 1, 2, 7). These heavily pitted
transfusion tissue cells, occurring in radial ranks of up to four, are sparsely
associated with non-pitted delicate parenchymatous cells.
Cortex and epidermis: Surrounding the phloem/parenchyma/transfusion
tissue (or the lacuna marking their absence) is a band of tissue 2–4 cells
thick that is sporadically preserved in the available specimens. It

consists of thin- to moderately thick-walled cells considered to represent pericycle or endodermal tissues, in some cases together with incomplete remains of adjoining inner cortex parenchyma (Plate I, 3–6;
Plate II, 1; Plate III, 3). Cell walls in this band are 0.5–2 μm thick and lumina are generally small [2–(6)–14 μm in radial diameter, 4–10 μm in
tangential diameter] and circular to broadly polygonal in crosssection. The outer margin of this band of tissues is commonly irregular
suggesting that it marks the boundary of a zone of degraded tissues. External to this is a lacuna up to 160 μm wide representing the position of
the degraded middle cortex (Plate I, 1, 2; Plate II, 2). The surrounding
outer cortex constitutes a layer around 6–14 cells wide (120–270 μm
wide) composed of circular, elliptical or polygonal cells 5–40 μm in diameter with wall thicknesses increasing from c. 1 μm in the inner cells
to 12 μm in the outer cells (Plates I, 2; II, 2, 3). In poorly preserved specimens, the outer cortex may be strongly degraded or absent. The singlelayered epidermis consists of rectangular cells 6–(10)–24 μm in tangential width, 6.5–(8)–12 μm in radial width, with walls c. 3–4 μm thick
(Plate II, 3), lacking obvious inﬂation or ornamentation.
Roots: The arrangement of roots on the axis is uncertain. Roots are circular to elliptical in transverse section, 300–580 μm in maximum dimensions, 140–440 μm in minimum dimensions, with lengths exceeding
several mm. Roots are monarch with an eccentrically positioned vascular strand (Plate IV, 1). Protoxylem tracheids are small (4–10 μm

Plate II. Paurodendron stellatum sp. nov. Scale bars represent 100 μm except for ﬁg. 8 where scale bar represents 1 mm.
1
2
3
4
5
6
7
8

Details of protoxylem and metaxylem tracheids in transverse section; remnants of phloem and parenchyma occur between protoxylem arms; CPC34950.
Portion of axis showing strong compression of cortical tissues around stele, which has essentially retained its cylindrical shape; mc = relict middle cortex cells; CPC34952a.
Details of outer cortex and degraded epidermis (dark line arrowed at top) in transverse section; CPC34947 (holotype).
Transverse section of stele showing branching; NMVP200003.
Details of stele adjacent to incipient branch showing strong development of heavily pitted, radially expanded, transfusion cells (t) around protoxylem arms; NMVP200003.
Charcoaliﬁed stele with contracted rim of endodermis; NRMS089700.
Fungal hyphae (arrowed) penetrating axis metaxylem tracheids; CPC34950.
Longitudinal section of microphyll-bearing axis preserved parallel to bedding and bracketed by Glossopteris leaves; CPC34949b.

Plate III. Paurodendron stellatum sp. nov. Scale bars represent 10 μm for 1–4, 100 μm for 5–7.
1
2
3
4
5
6
7

Oblique section through transfusion tissue ﬂanking stele at base of departing branch showing heavily pitted cell walls; CPC34951b.
Details of pitting in transfusion tissue cells; CPC34951b.
Details of a proximal portion of an axis (holotype) in transverse section showing development of small-diameter tracheids between typical large metaxylem tracheids, and
degraded endodermal/inner cortex tissues surrounding stele; CPC34947 (holotype).
Transverse section of a distal portion of an axis showing preferential preservation of robust tissues; (m) metaxylem, (p) protoxylem, (ph) cavity representing the position of
phloem and associated parenchyma, (e) endodermis/inner cortex, (m) cavity representing the position of degraded middle cortex; CPC34951a.
Longitudinal section of large metaxylem tracheids showing mostly annular or close-spiral thickenings; CPC34953.
Longitudinal section of smaller tracheids showing annular to close-spiral thickenings with sporadic development of vertical to oblique cross-connections resulting in a
tendency towards reticulate thickenings; CPC34952b.
Longitudinal sections through transfusion tissue between protoxylem arms showing cell walls with pervasive simple pitting; CPC34949b. (See on page 8)

Plate IV. Paurodendron stellatum sp. nov. Scale bars represent 100 μm.
1
2
3
4
5
6
7
8

Transverse section of root showing incipient branching and eccentric position of vascular strands within cavities left by degradation of inner to middle cortex and surrounded
by thick-walled outer cortex; CPC34948b.
Transverse section of charcoaliﬁed microphyll showing uniseriate epidermis of inﬂated cells and single, poorly preserved vascular strand (s); adaxial surface at top of ﬁgure;
CPC34948c.
Transverse section through a ﬂattened microphyll consisting of a uniseriate epidermis, mostly degraded mesophyll and a central vein of one or two tracheids; CPC34952c.
Longitudinal section of axis (left) attached to a distally arched microphyll (right); CPC34949b.
Transverse section of microphyll base at emergence from axis showing continuity of cortical and mesophyll tissues, and lack of lacunae; CPC34951b.
Longitudinal section of attached, distally arched microphyll with ligular pit (arrowed) on adaxial surface; CPC34949b.
Longitudinal section through attached microphyll showing adaxial ligule (arrowed); CPC34949b.
Enlargement of ligule on adaxial surface of microphyll; CPC34949b. (See on page 9)

Plate V. Scanning electron micrographs of isolated charcoaliﬁed microphylls attributed to Paurodendron stellatum sp. nov. and afﬁliated megaspores. Scale bars represent 100 μm for 1–6, 9;
10 μm for 7, 8, 10.
1
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3
4
5
6
7
8
9
10

Isolated elliptical microphyll, abaxial surface; CPC34970.
Isolated fragmentary microphyll, adaxial surface; CPC24966.
Enlargement of CPC24966 showing inﬂated epidermal cells along distal margin of microphyll.
Isolated fragmentary microphyll, adaxial surface; NRMS089724.
Enlargement of the mid-portion of a partially enrolled microphyll showing inﬂated epidermal cells distally (top) and sunken cells proximally (bottom); CPC34968.
Details of inﬂated epidermal cells in distal half of microphyll; CPC34968.
Details of sunken epidermal cells in proximal half of microphyll; CPC34968.
Details of epidermal cells in proximal half of microphyll showing sunken and wrinkled texture with a prominent central raised circular feature (possible trichome/papilla
base); CPC34968.
SEM of Singhisporites hystrix Slater et al., 2011 (proximal surface), co-preserved with remains of Paurodendron stellatum; NRMS089705.
Scabrate trilete microspore entrapped between lacerate sculptural elements of a Singhisporites hystrix megaspore NRMS089726. (See on page 10)
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Plate III. (Caption on page 6).

S. McLoughlin et al. / Review of Palaeobotany and Palynology 220 (2015) 1–15

Plate IV. (Caption on page 6).
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Plate V. (Caption on page 6).
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two root traces are enclosed by a single band of cortex tissues suggesting an incipient dichotomy (Plate IV, 1).
Microphylls: Numerous charcoaliﬁed microphylls are dispersed
throughout the type formation. They are typically ovate, elliptical, or
rhombic (Plate V, 1–4), 300–1500 μm long, 200–650 μm wide, with an
acute or, in some cases, weakly mucronate apex, and a slightly
contracted base. In rare cases, microphylls are preserved attached to
slender (N 150 μm long, 60 μm wide) axes in a helical arrangement
(Plate II, 8) and each is inserted by a broad or slightly contracted base.
Longitudinal sections of the axes show attached microphylls having little overlap with microphylls in the succeeding helix (Plate II, 8). Microphyll margins are entire or minutely crenulate (but not spinose),
whereby crenulations are produced by a marginal row of inﬂated epidermal cells (Plate V, 3). Both abaxial and adaxial epidermal cells of microphylls are arranged in longitudinal ranks; they are square to
longitudinally rectangular at the base and centre of the microphylls
and become transversely rectangular towards the margins (Plate V,
1–3). Central cells (over the midvein) are typically 5–50 μm long and
5–25 μm wide, whereas marginal cells are typically 5–10 μm long and
10–20 μm wide. Epidermal cells in the proximal half of one microphyll
have periclinal walls collapsed below the level of the anticlinal walls,
which form ridges 4–5 μm wide and 3–10 μm high. Epidermal cells in
the proximal and central parts of this microphyll typically show striae
arranged longitudinally or radiating from a distorted, central, circular,
elevation (b 4 μm diameter) — possibly representing a trichome/papilla
base at the centre of the cell (Plate V, 7, 8). Distal and marginal epidermal cells are typically bulbous and lack micro-ornamentation (Plate V,
5, 6). No stomata are evident on the microphylls. In transverse section,
microphylls are spindle-shaped, semicircular or crescentic, and are c.
75–225 μm thick, depending on the degree of compression, and show
no evidence of aerenchyma or natural lacunae (Plate IV, 3). Transverse
sections of charcoaliﬁed microphylls (Plate IV, 2) reveal a single layer
of bulbous epidermal cells 10–25 μm thick and a single, central, degraded, dorsiventrally ﬂattened, vascular strand b100 μm in diameter; mesophyll tissues are poorly preserved. Non-charcoaliﬁed microphyll
bases attached to Paurodendron stellatum axes show a mesophyll
consisting of thin-walled, polygonal cells, b 60 μm in diameter, which
are poorly ordered except at the point of insertion on the stem where
they are elongate, sub-parallel and continuous with the outer cortex
(Plate IV, 5). In longitudinal section, microphylls are ﬂexed adaxially
(Plate IV, 4). A ligular pit is preserved on the adaxial surface near the
base of microphylls (Plate IV, 6). In rare cases, a short (100 μm long),
slender ligule is preserved within the pit (Plate IV, 7, 8).
6. Discussion
6.1. Antarctic herbaceous lycopsids
Fig. 2. Reconstruction of the morphology and anatomy of the aerial portion of
Paurodendendron stellatum. Scale: 1 mm.

diameter) with 1 μm thick dark walls, typically positioned against the
tip of a spur of middle–outer cortical cells projecting towards the centre
of the root. The protoxylem is surrounded by an elliptical–reniform column of metaxylem up to 350 μm wide and 160 μm deep. Metaxylem
tracheids are 6–(12)–24 μm in diameter, generally broadest towards
the margin of the vascular cylinder. Phloem and inner to middle cortical
tissues are not preserved leaving a reniform lacuna (Plate IV, 1). The
outer cortex consists of dark, very thick walled (c. 8 μm) cells with
small lumina (typically b14.5 μm in diameter; Plate IV, 1). Cells of the
outer cortex gradually increase in diameter radially, with lumina
reaching 52 μm in diameter and cell walls reducing to b2 μm thick.
The epidermis is generally degraded but in some places it is marked
by a dark uniseriate rim of crushed cells b12 μm thick. In some cases,

Despite their long fossil record in Antarctica, extending from at least
the Givetian (Rigby and Schopf, 1969; Grindley et al., 1980; McLoughlin
and Long, 1994; Xu and Berry, 2008) to Neogene (Jiang and Harwood,
1992; Warny et al., 2009), lycopsids have not dominated the vegetation
of that region since the Devonian. They appear to have been consistent
subsidiary elements of the vegetation through the late Palaeozoic and
Mesozoic (Cantrill and Poole, 2012).
Paurodendron stellatum is the ﬁrst macrofossil record of Antarctic
Permian heterosporous lycopsids and adds to the generally poor record
of high-latitude Permian lycopsids. The new species is established
on several incomplete specimens that collectively allow a partial reconstruction of the vegetative morphology of this herbaceous plant (Fig. 2).
Two recently described taxa from the Lopingian of the Transantarctic
Mountains also appear to represent herbaceous lycopsids. Collinsonites
schopﬁi Schwendemann et al., 2010 is based on branched, leafy axes up
to 4 mm wide and 98 mm long. The material is based on impressions
and compressions in which anatomical details are unavailable. However,
C. schopﬁi can be readily distinguished from P. stellatum by its eligulate
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microphylls that, in some cases, bear distinct spinules along the margins.
Further, C. schopﬁi is slightly larger than P. stellatum in almost all its axial
and foliar dimensions. Collinsonostrobus eggertii (Ryberg et al., 2012) is
known only from permineralized microsporophylls. The sporophylls
bear marginal teeth and consistently small (b30 μm diameter) spores
suggesting a homosporous condition and potential afﬁliation with the
eligulate Collinsonites. No anatomical details of the Collinsonostrobus axis
are available for comparison with Paurodendron.
Although not yet recorded from Antarctica and only known from
compressions, Selaginella harrisiana from the Lopingian of Australia
(Townrow, 1968) is similar in habit to Paurodendron stellatum. Although
few morphological features of S. harrisiana leaves were described by
Townrow (1968), they are slightly larger (1–4 mm long, 1–3 mm
wide) and more triangular than those of P. stellatum.
6.2. Associated spores
The fertile organs of Paurodendron stellatum remain unknown. However, the Toploje Member chert hosting this species, has yielded three
types of megaspores described by Slater et al. (2011) that are plausibly
associated with this lycopsid: Singhisporites hystrix, Duosporites
lambertensis and Banksisporites antarcticus. Singhisporites hystrix (Plate
V, 9) is the most likely afﬁliated megaspore based both on its much
greater abundance than the other two forms, and its regular cooccurrence with Paurodendron axes in the same laminae within the
peat proﬁle. Singhisporites hystrix bears elaborate lacerate ﬂange-like
sculptural elements (Plate V, 9, 10; Slater et al., 2011) in contrast to
the megaspores of Paurodendron fraipontii, which have either an illdeﬁned (Leisman, 1961) or a reticulate (Hoskins and Abbott, 1956) ornament. Megaspores recovered from Selaginella harrisiana strobili from
the Lopingian of eastern Australia differ in having spinose, pilate or
weakly conate ornamentation (Townrow, 1968).
Microspores associated with Singhisporites hystrix are known
from specimens entrapped in the complex ornamentation of that megaspore, which has been studied via SEM and synchrotron X-ray
microtomography (Slater et al., 2011). The microspores are similar to
representatives of Lundbladispora (Foster, 1979; Visscher et al., 2004;
Looy et al., 2005) in being cinguli-cavate with scabrate to sparsely spinose ornamentation (Slater et al., 2011, pl. V.1–4; Plate V, 10 herein).
The in situ permineralized microspores of Collinsonostrobus eggertii
from the Lopingian of the Transantarctic Mountains, by contrast, bear
reticulate ornamentation (Ryberg et al., 2012). The microspores of
Selaginella harrisiana differ in having a spinulose (distal) to verrucate
(proximal) ornamentation.
6.3. Comparison with the type species
The only previously recognized representative of Paurodendron is
the type species [Paurodendron fraipontii (Leclercq) Fry, 1954; here
regarded as synonymous with Paurodendron arranense Fry, 1954 and
P. radiatum Fry, 1954], which is exclusively known from the Carboniferous of the Northern Hemisphere (Euramerica). Paurodendron stellatum
is distinguished from P. fraipontii principally by its proportionately thinner outer cortex, more irregularly shaped metaxylem tracheids, and the
absence of spine-like appendages on the axis and leaves.
Both Paurodendron species have a lacuna in the position of the middle
cortex. This zone may have been traversed by loose trabeculae forming an
aerenchymatous zone similar to that of the early lycophyte Asteroxylon
(Kidston and Lang, 1920). This interpretation is supported by the presence, in some crushed specimens, of a sparse network of cells in this region (Plates I, 4, II, 2). Alternatively, the middle cortex may have been
entirely composed of very thin-walled cells that degraded soon after
death, as suggested by several axes entirely lacking cells in this region
(Plate I, 2). In either case, this tissue layer is poorly preserved in the available fossils and the zone is traversed only by sporadic patches of dense
cells that may represent departing leaf traces (Plate I, 2).

The smaller diameter and fewer protoxylem points in Paurodendron
stellatum axes compared to many Paurodendron fraipontii axes illustrated by Fry (1954) probably indicate only that the sections of the Antarctic specimens derive from more distal parts of the axes, because the
number of protoxylem points has been shown to decrease distally in
the stems (Schlanker and Leisman, 1969). Metaxylem tracheids of
P. stellatum have only very sparse ﬁlamentous vertical thickenings
connecting adjacent scalariform/spiral bars, compared to their more
common occurrence in P. fraipontii (Fry, 1954), but this may be a consequence of incomplete preservation of these delicate structures. No information is yet available on the base of the P. stellatum axis, and
whether the root-bearing portion was a clavate, corm-like rhizomorph
as in P. fraipontii (Phillips and Leisman, 1966; Rothwell and Erwin,
1985) is unclear. No evidence of secondary growth, either within the
vascular tissue or cortex, was found in P. stellatum axes. However, the
small diameter of the axes (b2 mm) and sparse branching suggests
that the plant was herbaceous, or pseudoherbaceous sensu Bateman
and DiMichele (1991) and Bateman (1992). A prominent endodermis
is developed in the axes of P. stellatum. An equivalent band of tissue in
P. fraipontii has been variably described as remnants of the phloem,
inner parenchymous cortex, pericycle, or aerenchymatous cortex (Fry,
1954; Phillips and Leisman, 1966; Rothwell and Erwin, 1985).
The isolated, minute, charcoaliﬁed, scale-like leaves co-preserved with
Paurodendron stellatum axes were initially considered to be possible coniferous scales (McLoughlin et al., 1997) but their diminutive size, simple
vasculature, association with other lycopsid remains, the presence of
similar-sized microphyll bases attached to permineralized axes, and the
absence of other convincing coniferous remains in the host strata suggest
that these scales are microphylls of the P. stellatum plant. Microphylls of
Paurodendron fraipontii are similar to those of P. stellatum in size
(300–1000 μm wide, 200–500 μm thick), in hemispherical cross-section,
and in possession of undifferentiated, irregularly polygonal, mesophyll
cells (Fry, 1954; Phillips and Leisman, 1966; Schlanker and Leisman,
1969). Unlike P. fraipontii, however, P. stellatum microphylls appear to
be incurved rather than recurved, at least during early stages of development, and broaden slightly from the point of insertion before tapering,
rather than tapering throughout. Paurodendron stellatum microphylls
also differ from those of P. fraipontii in lacking multicellular spine-like
enations on the abaxial surface and minutely cusped margins.
Paurodendron stellatum is characterized by the development of
transfusion tissue surrounding the protoxylem arms, at least in regions
of axis branching (Plate II, 5, Plate III, 1, 2, 7). This tissue is broadly similar to the zone of radially expanded and strongly pitted transfusion cells
developed between the vascular strand and endodermis in gymnosperm leaves (Hu and Yao, 1981). Tissues between the protoxylem
and the endodermis are typically not preserved in published examples
of Paurodendron fraipontii. However, Pigg and Rothwell (1983) identiﬁed transfusion tissue ﬂanking the basal part of the leaf trace in the related Chaloneria cormosa Pigg and Rothwell, and DiMichele et al. (1979)
noted transfusion tissue on the adaxial side of the midvein in sporophyll
bases of C. periodica Pigg and Rothwell.
The characters described for Paurodendron stellatum highlight its
close similarity to Paurodendron fraipontii and conﬁrm most of the character states applied to the genus in previous phylogenetic analyses. Few
additional characters are available from P. stellatum to better resolve relationships among rhizomorphic lycopsid taxa in future cladistic analyses. However, if P. stellatum axes are associated with Singhisporites, as
inferred herein, then megaspore morphology within Paurodendron extends to lacerate, ribbon-like sculptural elements beyond the reticulate
ornamentation evident in P. fraipontii megaspores.
6.4. Growth habit and habitat
Paurodendron fraipontii has been reconstructed as a small scrambling
or prostrate, Selaginella-like, plant (Schlanker and Leisman, 1969;
Bateman et al., 1992), although a more upright dichotomous or
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pseudomonopodially branched axis arising from a clavate rhizomorph is
also possible (Phillips and Leisman, 1966). The Antarctic specimens provide few further clues to the growth habit of the genus because only incomplete material is available. With foliage-bearing axes of b2 mm
diameter, P. stellatum is interpreted to be a very small lycopsid
(pseudoherbaceous sensu Bateman, 1992) with well-spaced, helically arranged, dorsiventrally ﬂattened microphylls (Fig. 2). The isophyllous
character and helical leaf arrangement argue against a prostrate growth
habit.
Paurodendron roots occur within densely matted, parautochthonous
leaf litter at the type locality suggesting that the fossils have not been
transported signiﬁcantly. This bed is also penetrated by abundant
Vertebraria (glossopterid) roots that have commonly been interpreted
to reﬂect an adaptation for growth in dysaerobic waterlogged peat
and subaquatic environments (Neish et al., 1993). Several P. stellatum
axes bear fungal hyphae ramifying through the xylem tissues (Plate II,
7), which together with widespread loss of thin-walled tissues, signify
moderate aerobic decay before entombment in silica. The Toploje Member peat is interpreted to represent an ombrotrophic glossopteriddominated mire deposit (Slater et al., 2015), i.e., a forested bog sensu
Moore (1989). We interpret P. stellatum to have been a diminutive,
sparsely branched, upright plant living on the subaerially exposed
peat surface of glossopterid-dominated raised mires. The presence of
charcoaliﬁed axes and microphylls of Paurodendron and charred
woody tissues of other plants in this deposit indicates that the environment was sufﬁciently dry at times to permit extensive burning of the
vegetation and peat surface (Slater et al., 2015). Recognizable herbaceous lycopsid remains form 0.85–1.2% of the peat volume in the
lower Baimedart Coal Measures, Antarctica (Slater et al., 2015). Moreover, megaspores and charcoaliﬁed microphylls are relatively common
among the phytodebris extracted from associated ﬂoodbasin facies via
bulk maceration (McLoughlin et al., 1997). Herbaceous lycopsids apparently formed an important subsidiary component of the southern highlatitude glossopterid-dominated Permian mire and alluvial plain vegetation. Herbaceous lycopsids also appear to have been locally abundant
in Northern Hemisphere Carboniferous palaeotropical peat-forming
ecosystems (DiMichele and Phillips, 1995).
Modern (semi)aquatic Isoetes lack stomata and use a specialized
Lycopsid Photosynthetic Pathway (LPP: Green, 2010), whereby CO2 is
taken up by the roots from the substrate and stored in internal canals
and aerenchyma, and O2 is conversely passed downwards through the
roots into the soil. Aquatic Isoetes species employ a form of Crassulacean
Acid Metabolism (CAM), whereby carbon is ﬁxed as organic acids at
night and stored in large vacuoles (Keeley, 1998; Pedersen et al.,
2011). The apparent absence of stomata in the leaves of various Isoetes
species (Keeley et al., 1994) is a character shared with Paurodendron
stellatum and with Triassic pleuromeian lycophytes (Bomﬂeur et al.,
2011). This character combined with other specialized anatomical features of P. stellatum including the presence of large air chambers in the
stem and root cortex, relatively spongy leaf mesophyll, and extensive
transfusion tissue around the stele suggests that Paurodendron stellatum
may also have employed LPP and/or CAM in its periodically submerged
mire habitat. Moreover, Green (2010) has pointed out that related arborescent lepidodendrids, having similar anatomical features, probably
also utilized these metabolic systems. This suggests that LPP/CAM may
have played a widespread and important role in carbon cycling in the
extensive mire ecosystems of the late Palaeozoic.

Southern hemisphere records may seem problematic for inclusion of
P. stellatum and Paurodendron fraipontii in the same genus. However,
strong preservational biases may explain the sparse records of this genus.
Scheihing (1980) and Spicer (1981) noted that understorey plants in
general are under-represented in lacustrine and ﬂuvio-deltaic fossil assemblages. Other authors have emphasized that preservational biases
related to slower decay of robust plant tissues (e.g., lignin and thick cuticles) play a strong role in deﬁning the composition of plant assemblages and favour the preservation of woody plants over herbaceous
forms (Gastaldo, 1988; Spicer, 1989). Further, there may be a strong
bias in the published macrofossil record against the identiﬁcation of
diminutive plant taxa lacking strongly distinctive morphological characters, especially when preserved as adpressions (Burnham, 2008).
The recognition of herbaceous Paurodendron remains only in siliceous permineralized peat deposits and coal balls suggests that these
plants may have been geographically widespread and long-ranging
through the late Palaeozoic but that their diminutive size and delicate
anatomy has resulted in rare preservation and poor recognition in
adpression assemblages. Moreover, the age difference between the Antarctic P. stellatum and the youngest examples of Paurodendron fraipontii
is less than that of the total temporal range of the latter species in the
Northern Hemisphere. Further, numerous plant taxa have stratigraphic
ranges characterized by temporally remote representatives (known as
precocious taxa when appearing well before the group's typical range,
and Lazarus taxa when appearing long after the characteristic range:
Looy et al., 2014). With respect to plants, Lazarus taxa are perhaps
best known among gymnosperms. For example, rare representatives
of Corystospermales, Bennettitales and cheirolepidiaceous conifers
have been reported in Paleogene strata, up to tens of millions of years
younger than the typical Mesozoic representatives of these clades
(McLoughlin et al., 2008, 2011; Barreda et al., 2012). Bateman and
DiMichele (1991) noted that several lepidodendrid genera
(e.g., Anabathra, Sigillaria, Diaphorodendron s.l., Lepidodendron and
Lepidophloios) have long stratigraphic ranges through the late
Palaeozoic, so a similarly long range for related coeval herbaceous heterosporous lycopsids is not unexpected.
The broad spectrum of lycophytic megaspores identiﬁed in
Gondwanan Permian strata (Bharadwaj and Tiwari, 1970; Dijkstra,
1972; Pant and Mishra, 1986; Tewari and Maheshwari, 1992;
McLoughlin et al., 1997; Glasspool, 2000, 2003; Tewari et al., 2009;
Slater et al., 2011), attests to a great diversity of heterosporous lycopsids
in this region that is not yet matched by macrofossils. Diminutive herbaceous lycopsids with low preservational potential, such as Paurodendron
stellatum, are strong candidates for the parent plants of some of these
dispersed megaspores.

6.5. Distribution

References

The geographic range of Paurodendron is now extended to the Southern Hemisphere, at a locality situated at c. 70° south palaeolatitude
(Scotese and Langford, 1995). The occurrence of Paurodendron in
Wordian strata extends the stratigraphic range of the genus by approximately 35 million years beyond the Northern Hemisphere records. The
geographic and stratigraphic disjunctions between the Northern and

Anderson, J.M., Anderson, H.M., 1985. Palaeoﬂora of southern Africa. Prodromus of South
African Megaﬂoras: Devonian to Lower Cretaceous. A.A. Balkema, Rotterdam.
Archangelsky, S., de la Sota, E.R., 1966. Estudio anatómico de una nueva Lycopsida del
pérmico de Bolivia. Revista del Museo de La PlataSección paleontología (N.S.) 5
pp. 17–26.
Archangelsky, S., Cúneo, R., Seoane, L.V., 1989. Estudios sobre megásporas pérmicas
Argentinas. I. Sublagenicula brasiliensis (Dijkstra) Dybová-Jachowicz et al.
Ameghiniana 26, 209–217.

Acknowledgements
This research was funded by grants from the Swedish Research
Council (VR grants 2010-3931 and 2014-5234), Australian Research
Council (grant number A39331444) to A.N.D. and an ARC fellowship
to S.M. (ARC F00102907). We thank Bill DiMichele, an anonymous reviewer and the editor for their constructive comments on the manuscript. This research was also supported by a Natural Environment
Research Council, U.K., scholarship (NE/H5250381/1) and EU Synthesys
programme grant (SE-TAF-4827) to BJS.

14

S. McLoughlin et al. / Review of Palaeobotany and Palynology 220 (2015) 1–15

Balme, B.E., 1995. Fossil in situ spores and pollen grains: an annotated catalogue. Rev.
Palaeobot. Palynol. 87, 81–323.
Balme, B.E., Playford, G., 1967. Late Permian plant microfossils from the Prince Charles
Mountains, Antarctica. Rev. Micropaleontol. 10, 179–192.
Barreda, V.D., Cúneo, N.R., Wilf, P., Currano, E.D., Scasso, R.A., Brinkhuis, H., 2012. Cretaceous/Paleogene ﬂoral turnover in Patagonia: drop in diversity, low extinction, and
a Classopollis spike. PLoS ONE 7 (12), e52455. http://dx.doi.org/10.1371/journal.
pone.0052455.
Basinger, J.F., Rothwell, G.W., 1977. Anatomically preserved plants from the Middle Eocene (Allenby Formation) of British Colombia. Can. J. Bot. 55, 1984–1990.
Bateman, R.M., 1992. Morphometric reconstruction, palaeobiology and phylogeny of
Oxroadia gracilis Alvin emend., and O. conferata sp. nov.: anatomically-preserved
rhizomorphic lycopsids from the Dinantian of Oxroad Bay, SE Scotland.
Palaeontographica B 228, 29–103.
Bateman, R.M., 1994. Evolutionary-developmental change in the growth architecture of
fossil rhizomorphic lycopsids: scenarios constructed on cladistic foundations. Biol.
Rev. 69, 527–597.
Bateman, R.M., DiMichele, W.A., 1991. Hizemodendron, gen. nov., a pseudoherbaceous
segregate of Lepidodendron (Pennsylvanian): phylogenetic context for evolutionary
changes in lycopsid growth architecture. Syst. Bot. 16, 195–205.
Bateman, R.M., Hilton, J., 2009. Palaeobotanical systematics for the phylogenetic age: applying organospecies, form-species and phylogenetic species concepts in a framework of reconstructed fossil and extant whole-plants. Taxon 58, 1254–1280.
Bateman, R.M., DiMichele, W.A., Willard, D.A., 1992. Experimental cladistic analysis of anatomically preserved lycopsids from the Carboniferous of Euramerica: an essay on
paleobotanical phylogenetics. Ann. Mo. Bot. Gard. 79, 500–559.
Beeston, J.W., 1990. Cyclodendron leslii (Seward) Kräusel 1928 and associated
palynomorphs in the Early Permian Reids Dome beds, Queensland, Australia.
Alcheringa 14, 325–330.
Bharadwaj, D.C., Tiwari, R.S., 1970. Lower Gondwana megaspores — a monograph.
Palaeontographica 129B, 1–70.
Boger, S.D., 2011. Antarctica — before and after Gondwana. Gondwana Res. 19, 335–371.
Bomﬂeur, B., Krings, M., Taylor, E.L., Taylor, T.N., 2011. Macrofossil evidence for
pleuromeialean lycophytes from the Triassic of Antarctica. Acta Palaeontol. Pol. 56,
195–203.
Burnham, R.J., 2008. Hide and go seek: what does presence mean in the fossil record?
Ann. Mo. Bot. Gard. 95, 51–71.
Cantrill, D.J., Poole, I., 2012. The Vegetation of Antarctica through Geological Time. Cambridge University Press, New York.
Cantrill, D.J., Webb, J.A., 1998. Permineralized pleuromeid lycopsid remains from the Early
Triassic Arcadia Formation, Queensland, Australia. Rev. Palaeobot. Palynol. 102,
189–211.
Cariglino, B., Coturel, E.P., Gutiérrez, P.R., 2012. The lycophytes of the La Golondrina Formation (Permian), Santa Cruz Province, Argentina: systematic revision, biostratigraphy and palaeoecology. Alcheringa 36, 427–449.
Cecil, C.B., 2004. Eolian dust and the origin of sedimentary chert. USGS Open-File Report
2004-1098, pp. 1–13.
Chaloner, W.G., Leistikow, K.U., Hill, A., 1979. Brasilodendron gen. nov. and B. pedroanum
(Carruthers) nov. comb. A Permian lycopod from Brasil. Rev. Palaeobot. Palynol. 28,
117–136.
Chandra, S., Rigby, J.F., 1981. Lycopsid, sphenopsid and cycadaceous remains from the
Lower Gondwana of Handappa, Orissa. Geophytology 11, 214–219.
Crane, P.R., 1990. The phylogenetic context of microsporogenesis. In: Blackmore, S., Knox,
R.B. (Eds.), Microspores: Evolution and Ontogeny. Academic Press, London,
pp. 11–41.
Cúneo, R., Andreis, R.R., 1983. Estudio de un bosque de licoﬁtas en la Formación Nueva
Lubecka, Pérmico de Chubut, Argentina. Ameghiniana 20, 132–140.
Cúneo, R., Seoane, L.V., Archangelsky, S., 1991. Estudios sobre megasporas permicas
argentinas. II. Sublagenicula nuda y S. brasiliensis de la Cuenca Chacoparanense,
Argentina. Ameghiniana 28, 55–62.
Darrah, W.C., 1941. The coenopterid ferns in American coal balls. Am. Midl. Nat. 25,
233–269.
Dijkstra, S.J., 1972. Some megaspores from South Africa and Australia. Palaeontol. Afr. 14,
1–13.
DiMichele, W.A., Bateman, R.M., 1996. The rhizomorphic lycopsids: a case-study in paleobotanical classiﬁcation. Syst. Bot. 21, 535–552.
DiMichele, W.A., Phillips, T.L., 1995. The response of hierarchically structured ecosystems
to long-term climatic change: a case study using tropical peat swamps of Pennsylvanian age. In: Stanley, S.M., Knoll, A.H., Kennett (Eds.), Effects of Past Global Change on
Life. National Research Council, Studies in Geophysics. National Academies Press
(US), Washington, pp. 134–155.
DiMichele, W.A., Mahaffy, J.F., Phillips, T.L., 1979. Lycopods of Pennsylvanian age coals:
Polysporia. Can. J. Bot. 57, 1740–1753.
DiMichele, W.A., Elrick, S.D., Bateman, R.M., 2013. Growth habit of the late Paleozoic
rhizomorphic tree-lycopsid family Diaphorodendraceae: phylogenetic, evolutionary
and paleoecological signiﬁcance. Am. J. Bot. 100, 1604–1625.
Donoghue, P.C.J., Bengtson, S., Dong, X., Gostling, N.J., Huldtgren, T., Cunningham, J.A., Yin,
C., Yue, Z., Peng, F., Stampanoni, M., 2006. Synchrotron X-ray tomographic microscopy of fossil embryos. Nature 442, 680–683.
Edwards, W.N., 1952. Lycopodiopsis, a southern hemisphere lepidophyte. The
Palaeobotanist 1, 159–164.
Farabee, M.J., Taylor, E.L., Taylor, T.N., 1991. Late Permian palynomorphs from the Buckley
Formation, central Transantarctic Mountains, Antarctica. Rev. Palaeobot. Palynol. 69,
353–368.
Fedorov, L.V., Ravich, M.G., Hofmann, J., 1982. Geologic comparison of southeastern peninsular India and Sri Lanka with a part of East Antarctica (Enderby Land,

MacRobertson Land, and Princess Elizabeth Land). In: Craddock, C. (Ed.), Antarctic
Geoscience. University of Wisconsin Press, Madison, pp. 73–78.
Fielding, C.R., Webb, J.A., 1996. Facies and cyclicity of the Late Permian Bainmedart Coal
Measures in the Northern Prince Charles Mountains, MacRobertson Land,
Antarctica. Sedimentology 43, 295–322.
Foster, C.B., 1979. Permian plant microfossils from the Blair Athol Coal Measures, Baralaba
Coal Measures, and basal Rewan Formation of Queensland. Geological Survey of
Queensland Publication 372. Palaeontological Paper 45, 1–244.
Fry, W.L., 1954. A study of the Carboniferous lycopod, Paurodendron, gen. nov. Am. J. Bot.
41, 415–428.
Galtier, J., 2008. A new look at the permineralized ﬂora of Grand-Croix (Late Pennsylvanian, Saint-Etienne basin, France). Rev. Palaeobot. Palynol. 152, 129–140.
Gastaldo, R.A., 1988. Conspectus of phytotaphonomy. In: DiMichelle, W.A., Wing, S.L.
(Eds.), Methods and Applications of Plant Paleoecology. Paleontological Society Special Publication 3, pp. 14–28.
Glasspool, I., 2000. Megaspores from the Late Permian, Lower Whybrow coal seam, Sydney Basin, Australia. Rev. Palaeobot. Palynol. 110, 209–227.
Glasspool, I., 2003. A review of Permian Gondwana megaspores, with particular emphasis
on material collected from coals of the Witbank Basin of South Africa and the Sydney
Basin of Australia. Rev. Palaeobot. Palynol. 124, 227–296.
Goubin, N., 1965. Description et repartition des principaux pollenites permiens, triasiques
et jurassique des sondages du sassin de Morondava (Madagascar). Rev. Inst. Fr. Pétrol. 20, 1415–1461.
Gould, R.E., Delevoryas, T., 1977. The biology of Glossopteris: evidence from petriﬁed seedbearing and pollen-bearing organs. Alcheringa 1, 87–399.
Green, W.A., 2010. The function of the aerenchyma in arborescent lycopsids: evidence of
an unfamiliar metabolic strategy. Proc. R. Soc. B 277, 2257–2267.
Grindley, G.W., Mildenhall, D.C., Schopf, J.M., 1980. A mid-Late Devonian ﬂora from the
Ruppert Coast, Marie Byrd Land, West Antarctica. J. R. Soc. N. Z. 10, 271–285.
Harrowﬁeld, M., Holdgate, G., Wilson, C., McLoughlin, S., 2005. Tectonic signiﬁcance of the
Lambert Graben, East Antarctica: reconstructing the Gondwanan rift. Geology 33,
197–200.
Hass, H., Rowe, N.P., 1999. Thin sections and wafering. In: Jones, T.P., Rowe, N.P. (Eds.),
Fossil Plants and Spores: Modern Techniques. The Geological Society of London,
Bath, pp. 76–81.
Holdgate, G.R., McLoughlin, S., Drinnan, A.N., Finkelman, R.B., Willett, J.C., 2005. Inorganic
chemistry, petrography and palaeobotany of Permian coals in the Prince Charles
Mountains, East Antarctica. Int. J. Coal Geol. 63, 156–177.
Hoskins, J.H., Abbott, M.L., 1956. Selaginellites crassicinctus, a new species from the
Desmoinesian Series of Kansas. Am. J. Bot. 43, 36–46.
Hu, Y.S., Yao, B.-J., 1981. Transfusion tissue in gymnosperm leaves. Bot. J. Linn. Soc. 83,
263–272.
Jennings, J.R., Karrfalt, E.E., Rothwell, G.W., 1983. Structure and afﬁnities of Protostigmaria
eggertiana. Am. J. Bot. 70, 963–974.
Jiang, X., Harwood, D.M., 1992. A glimpse of early Miocene Antarctic forests:
palynomorphs from RISP diatomite. Antarct. J. US 27, 3–5.
Karrfalt, E.E., 1981. The comparative and developmental morphology of the root system
of Selaginella selaginoides (L.) Link. Am. J. Bot. 68, 244–253.
Keeley, J., 1998. CAM photosynthesis in submerged aquatic plants. Bot. Rev. 64, 121–175.
Keeley, J.E., DeMason, D.A., Gonzalez, R., Markham, K.R., 1994. Sediment-based carbon nutrition in tropical alpine Isoetes. In: Rundel, P.W., Smith, A.P., Meinzer, F.C. (Eds.),
Tropical Alpine Environments: Plant Form and Function. Cambridge University
Press, Cambridge, pp. 167–194.
Kemp, E.M., 1973. Permian ﬂora from the Beaver Lake area, Prince Charles Mountains,
Antarctica. 1. Palynological examination of samples. Bur. Mineral. Resour. Geol.
Geophys. Aust. Bull. 126, 7–12.
Kenrick, P., Crane, P.R., 1997. The Origin and Early Diversiﬁcation of Land Plants: A Cladistic Study. Smithsonian Institution Press, Washington.
Kidston, R., Lang, W.H., 1920. On Old Red Sandstone plants showing structure from the
Rhynie chert bed, Aberdeenshire. Part III. Asteroxylon mackiei. Trans. R. Soc. Edinb. 52,
643–680.
Kräusel, R., 1928. Fossile Pﬂanzenreste aus der Karruformation Deutsch-Südwestafrikas.
In: Kräusel, R., Range, P. (Eds.), Beiträge zur Kenntniss der Karuformation DeutschSüdwest-Afrikas. Beiträge zur geologischen Erforschung der deutschen Schutzgebiete
20, pp. 17–54 (Berlin).
Larsson, K., Lindström, S., Guy-Ohlson, D., 1990. An Early Permian palynoﬂora from
Milorgfjella, Dronning Maud Land, Antarctica. Antarct. Sci. 2, 331–344.
Leclercq, S., 1924. Observations nouvelles sur la structure anatomique de quelques
végétaux du houiller belge. Académie royale des Sciences, des Lettres et des BeauxArts. Bull. Cl. Sci. 5e Sér. 10, 352–354.
Ledesma-Vázquez, J., Berry, R.W., Johnson, M.E., Gutiérrez-Sanchez, S., 1997. El Mono
chert: a shallow-water chert from the Pliocene Inﬁerno Formation, Baja California
Sur, Mexico. GSA Spec. Pap. 318, 73–81.
Leisman, G., 1961. Further observations on the structure of Selaginellites crassinctus. Am.
J. Bot. 48, 224–229.
Lindström, S., 1995a. Early Late Permian palynostratigraphy and palaeo-biogeography of
Vestfjella, Dronning Maud Land, Antarctica. Rev. Palaeobot. Palynol. 86, 157–173.
Lindström, S., 1995b. Early Permian palynostratigraphy of the northern Heimefrontfjella
mountain-range, Dronning Maud Land, Antarctica. Rev. Palaeobot. Palynol. 89,
359–415.
Lindström, S., McLoughlin, S., 2007. Synchronous palynoﬂoristic extinction and recovery
after the end-Permian event in the Prince Charles Mountains, Antarctica: implications
for palynoﬂoristic turnover across Gondwana. Rev. Palaeobot. Palynol. 145, 89–122.
Lindström, S., McLoughlin, S., Drinnan, A.N., 1997. Intraspeciﬁc variation of taeniate
bisaccate pollen within Permian glossopterid sporangia, from the Prince Charles
Mountains, Antarctica. Int. J. Plant Sci. 158, 673–684.

S. McLoughlin et al. / Review of Palaeobotany and Palynology 220 (2015) 1–15
Looy, C.V., Collinson, M.E., Van Konijnenburg-Van Cittert, J.H.A., Visscher, H., Brainall,
A.P.R., 2005. The ultrastructure and botanical afﬁnity of end-Permian spore tetrads.
Int. J. Plant Sci. 166, 875–887.
Looy, C.V., Kerp, H., Duijnstee, I.A.P., DiMichele, W.A., 2014. The late Paleozoic ecologicalevolutionary laboratory, a land-plant fossil record perspective. Sed. Rec.12 (4), 4–10.
McLoughlin, S., Drinnan, A.N., 1996. Anatomically preserved Noeggerathiopsis leaves from
east Antarctica. Rev. Palaeobot. Palynol. 92, 207–227.
McLoughlin, S., Drinnan, A.N., 1997a. Revised stratigraphy of the Permian Bainmedart Coal
Measures, northern Prince Charles Mountains, East Antarctica. Geol. Mag. 134, 335–353.
McLoughlin, S., Drinnan, A.N., 1997b. Fluvial sedimentology and revised stratigraphy of
the Triassic Flagstone Bench Formation, northern Prince Charles Mountains, East
Antarctica. Geol. Mag. 134, 781–806.
McLoughlin, S., Long, J.A., 1994. New records of Devonian plant fossils from southern
Victoria Land, Antarctica. Geol. Mag. 131, 81–90.
McLoughlin, S., Lindström, S., Drinnan, A.N., 1997. Gondwanan ﬂoristic and sedimentological trends during the Permian-Triassic transition: new evidence from the Amery
Group, northern Prince Charles Mountains, East Antarctica. Antarct. Sci. 9, 281–298.
McLoughlin, S., Larsson, K., Lindström, S., 2005. Permian plant macrofossils from
Fossilryggen, Vestfjella, Dronning Maud Land. Antarct. Sci. 17, 73–86.
McLoughlin, S., Carpenter, R.J., Jordan, G.J., Hill, R.S., 2008. Seed ferns survived the endCretaceous mass extinction in Tasmania. Am. J. Bot. 95, 465–471.
McLoughlin, S., Carpenter, R.J., Pott, C., 2011. Ptilophyllum muelleri (Ettingsh.) comb. nov.
from the Oligocene of Australia: last of the Bennettitales? Int. J. Plant Sci. 172, 574–585.
McLoughlin, S., Jansson, I.M., Vajda, V., 2014. Megaspore and microfossil assemblages reveal
diverse herbaceous lycophytes in the Australian Early Jurassic Flora. Grana 53, 22–53.
Moore, P.D., 1989. The ecology of peat-forming processes: a review. In: Lyons, P.C., Alpern,
B. (Eds.), Peat and Coal: Origin. Facies, and Depositional Models. International Journal
of Coal Geology 12, pp. 89–103.
Neish, P.G., Drinnan, A.N., Cantrill, D.J., 1993. Structure and ontogeny of Vertebraria from
siliciﬁed Permian sediments in east Antarctica. Rev. Palaeobot. Palynol. 79, 221–244.
Pant, D.D., Mishra, S.N., 1986. On lower Gondwana megaspores. Palaeontographica 198B,
13–73.
Pedersen, O., Rich, S.M., Pulido, C., Cawthray, G.R., Colmer, T.D., 2011. Crassulacean acid
metabolism enhances underwater photosynthesis and diminishes photorespiration
in the aquatic plant Isoetes australis. New Phytol. 190, 332–339.
Phillips, T.L., Leisman, G.A., 1966. Paurodendron, a rhizomorphic lycopod. Am. J. Bot. 53,
1086–1100.
Pigg, K.B., 1992. Evolution of isoetalean lycopsids. Ann. Mo. Bot. Gard. 79, 589–612.
Pigg, K.B., 2001. Isoetalean lycopsid evolution: from the Devonian to the present. Am. Fern
J. 91, 99–114.
Pigg, K.B., McLoughlin, S., 1997. Anatomically preserved Glossopteris leaves from the
Bowen and Sydney basins, Australia. Rev. Palaeobot. Palynol. 97, 339–359.
Pigg, K.B., Rothwell, G.W., 1983. Chaloneria gen. nov.; heterosporous lycophytes from the
Pennsylvanian of North America. Bot. Gaz. 144, 132–147.
Playford, G., 1990. Proterozoic and Paleozoic palynology of Antarctica: a review. In:
Taylor, T.N., Taylor, E.L. (Eds.), Antarctic Paleobiology — Its Role in the Reconstruction
of Gondwana. Springer-Verlag, New York, pp. 50–70.
Plumstead, E.P., 1975. A new assemblage of fossil plants from Milorgfjella, Dronning
Maud Land. Brit. Antarc. Surv. Sci. Rep. 83, 1–30.
Rayner, R.J., 1985. The Permian lycopod Cyclodendron leslii from South Africa.
Palaeontology 28, 111–120.
Renault, B., 1890a. Sur une nouvelle Lycopodiacée (Lycopodiopsis derbyi). C. R. Acad. Sci.
Paris 100, 809–811.
Renault, B., 1890b. Notice sur une Lycopodiacée arborescente du terra in houiller du
Bresil. Bull. Soc. Hist. Nat. Autun. 3, 109–124.
Ricardi-Branco, F., Arai, M., Rösler, O., 2002. Megaspores from coals of the Triunfo Member, Rio Bonito Formation (Lower Permian), northeastern Paraná State, Brazil. An.
Acad. Bras. Cienc. 74, 491–503.
Rigby, J.F., 1966. The Lower Gondwana ﬂoras of the Perth and Collie Basins, Western
Australia. Palaeontographica 118B, 113–152.
Rigby, J.F., Schopf, J.M., 1969. Stratigraphic implications of Antarctic palaeobotanical studies. In: Amos, A.J. (Ed.), Gondwana Stratigraphy. 1st IUGS Gondwana Symposium,
Buenos Aires 1967. UNESCO, Paris, pp. 91–106.
Rothwell, G.W., Erwin, D.M., 1985. The rhizomorph apex of Paurodendron; implications
for homologies among the rooting organs of lycopsida. Am. J. Bot. 72, 86–98.

15

Ryberg, P.E., Taylor, E.L., Taylor, T.N., 2012. Permineralized lycopsid from the Permian of
Antarctica. Rev. Palaeobot. Palynol. 169, 1–6.
Sallam, E., Issawi, B., Osman, R., 2015. Stratigraphy, facies, and depositional environments of
the Paleogene sediments in Cairo–Suez district, Egypt. Arab. J. Geosci. 8, 1939–1964.
Scheihing, M.H., 1980. Reduction of wind velocity by the forest canopy and the rarity of
non-arborescent plants in the Upper Carboniferous fossil record. Argumenta
Palaeobot. 6, 133–138.
Schlanker, C.M., Leisman, G.A., 1969. The herbaceous Carboniferous lycopod Selaginella
fraiponti comb. nov. Bot. Gaz. 130, 35–41.
Schwendemann, A.B., Decombeix, A.-L., Taylor, E.L., Taylor, T.N., 2010. Collinsonites schopﬁi
gen. et sp. nov., a herbaceous lycopsid from the Upper Permian of Antarctica. Rev.
Palaeobot. Palynol. 158, 291–297.
Scotese, C.R., Langford, R.P., 1995. Pangea and the paleogeography of the Permian. In:
Scholle, P.A., Peryt, T.M., Ulmer-Scholle, D.S. (Eds.), The Permian of Northern Pangea.
Paleogeography, Paleoclimates, Stratigraphy 1. Springer-Verlag, Berlin, pp. 3–19.
Slater, B.J., McLoughlin, S., Hilton, J., 2011. Guadalupian (Middle Permian) megaspores
from a permineralised peat in the Bainmedart Coal Measures, Prince Charles Mountains, Antarctica. Rev. Palaeobot. Palynol. 167, 140–155.
Slater, B.J., McLoughlin, S., Hilton, J., 2012. Animal–plant interactions in a Middle Permian
permineralised peat of the Bainmedart Coal Measures, Prince Charles Mountains,
Antarctica. Palaeogeogr. Palaeoclimatol. Palaeoecol. 363–364, 109–126.
Slater, B.J., McLoughlin, S., Hilton, J., 2013. Peronosporomycetes (Oomycota) from a Middle Permian permineralised peat within the Bainmedart Coal Measures, Prince
Charles Mountains, Antarctica. PLoS One 8 (8), e70707. http://dx.doi.org/10.1371/
journal.pone.0070707.
Slater, B.J., McLoughlin, S., Hilton, J., 2015. A high-latitude Gondwanan lagerstätte: the
Permian permineralised peat biota of the Prince Charles Mountains, Antarctica.
Gondwana Res. 27, 1446–1473.
Spicer, R.A., 1981. The sorting and deposition of allochthonous plant material in a modern
environment at Silwood Lake, Silwood Park, Berkshire, England. US Geol. Surv. Prof.
Pap. 1143, 1–77.
Spicer, R.A., 1989. The formation and interpretation of plant fossil assemblages. Adv. Bot. Res.
16, 96–191.
Stevens, L.G., Hilton, J., Rees, A.R., Rothwell, G.W., Bateman, R.M., 2010. Systematics, phylogenetics and reproductive biology of Flemingites arcuatus, sp. nov., an exceptionally
preserved and partially reconstructed Carboniferous arborescent lycopsid. Int. J. Plant
Sci. 171, 783–808.
Stewart, W.N., Rothwell, G.W., 1993. Paleobotany and the Evolution of Plants. 2nd ed.
Cambridge University Press, Cambridge (521 pp.).
Taylor, E.L., Taylor, T.N., Collinson, J.W., 1989. Depositional setting and paleobotany of
Permian and Triassic permineralized peat from the central Transantarctic Mountains,
Antarctica. Int. J. Coal Geol. 12, 657–679.
Tewari, R., Maheshwari, H.K., 1992. Megaspores from Early Permian India. Geophytology 21,
1–19.
Tewari, R., Mehrotra, N.C., Meena, K.L., Pillai, S.S.K., 2009. Permian megaspores from Kuraloi
area, Ib-River Coalﬁeld, Mahanadi Basin, Orissa. J. Geol. Soc. India 74, 669–678.
Townrow, J.A., 1968. A fossil Selaginella from the Permian of New South Wales. J. Linn. Soc.
Bot. 61, 13–23.
Venkatachala, B.S., Kar, R.K., 1965. Two new trilete spore genera from the Permian of
India. Palaeobotanist 13, 337–340.
Visscher, H., Looy, C.V., Collinson, M.E., Brinkhuis, H., van Konijnenburg-van Cittert, J.H.A.,
Kürschner, W.M., Sephton, M.A., 2004. Environmental mutagenesis during the endPermian ecological crisis. Proc. Natl. Acad. Sci. 101, 12952–12956.
Warny, S., Askin, R.A., Hannah, M.J., Mohr, B.A.R., Raine, J.I., Harwood, D.M., Florindo, F.,
Science Team, S.M.S., 2009. Palynomorphs from a sediment core reveal a sudden remarkably warm Antarctica during the middle Miocene. Geology 37, 955–958.
Weaver, L., McLoughlin, S., Drinnan, A.N., 1997. Fossil woods from the Upper Permian
Bainmedart Coal Measures, northern Prince Charles Mountains, East Antarctica.
AGSO J. Aust. Geol. Geophys. 16, 655–676.
Webster, T.R., Steeves, T.A., 1964. Developmental morphology of the root of Selaginella
kraussiana A Br. and Selaginella wallacei Hieron. Can. J. Bot. 42, 1665–1676.
Wood, G.R., Beeston, J.W., 1986. A Late Permian lycopod cone, Skilliostrobus sp. cf.
S. australis Ash 1979, from Queensland. Geol. Surv. Queensland Publ. 387, 41–49.
Xu, H.-H., Berry, C.M., 2008. The Middle Devonian lycopsid Haskinsia Grierson et Banks from
the Ruppert Coast, Marie Byrd Land, West Antarctica. Rev. Palaeobot. Palynol. 150, 1–4.

