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     The Equisetales is thought to be a monophyletic group with 
unique morphology and includes plants characterized by dis-
tinct nodal and internodal regions, whorled leaves and/or 
branches, and regular longitudinal ribs on the internodal sur-
face. While they have a long fossil record beginning in the De-
vonian ( Taylor and Taylor, 1993 ), today the group is represented 
only by the genus  Equisetum , which has 15 species (Hauke, 
1974). Although much is known of the evolution, structure, and 
ecology of the extinct arborescent equisetaleans comprising the 
family Calamitaceae, less is known about the fossil record of 
herbaceous members of Equisetales included in family Equise-
taceae. This lack of knowledge is because members of Equise-
taceae, with few exceptions (e.g.,  Brown, 1975 ;  Watson, 1983 ), 
are preserved as compression fossils. Of the few permineralized 
Equisetaceae known, the oldest unequivocal permineralized eq-
uisetacean is  Spaciinodum collinsonii , from the early Middle 
Triassic Fremouw peat fl ora of Antarctica ( Osborn and Taylor, 
1989 ;  Osborn et al., 2000 ).  Spaciinodum  is a small equisetacean 
described from vegetative stems and specimens interpreted as 
reproductive apices with in situ spores. Previously, authors have 
considered the structure of both the vegetative and reproductive 
organs of the plant unique among equisetaleans, although cer-
tain features (e.g., superfi cial stomata) have been used to sug-
gest an affi nity with  Equisetum  subgenus  Equisetum  ( Osborn 
and Taylor, 1989 ), one of two subgenera into which  Equisetum  
is traditionally divided. Generally, equisetophytes from the Me-
sozoic are not anatomically preserved. Because  Spaciinodum  

represents the most complete of the Mesozoic equisetophytes 
( Osborn et al., 2000 ), it is an important component in under-
standing the Paleozoic to recent record of the equisetaleans. 

 Both fossil and extant members of the Equisetales have a 
global distribution and in general require an environment with a 
ready supply of water to thrive ( Hauke, 1963 , 1966;  DiMichele 
et al., 2005 ). The Triassic landscape of Antarctica has been re-
constructed as including a number of braided river systems with 
meandering streams and broad fl oodplains ( Isbell, 1991 ). The 
Middle Triassic world is generally thought to have existed un-
der a greenhouse climate, and the poles did not have permanent 
ice sheets ( Kidder and Worsley, 2004 ). The diversity of reptiles 
and amphibians preserved in a lower section of the Upper Fre-
mouw Formation is indicative that the climate in the region was 
warm, with seldom freezing temperatures ( Hammer et al., 1990 ). 
The occurrence of a cycad,  Antarcticycas , in the Fremouw peat 
may also be indicative of a relatively warm climate without ex-
tended periods of frost or snow ( Taylor et al., 2000 ;  Hermsen 
et al., in press ), because cycads today are restricted primarily 
from tropical to warm temperate zones between 30 ° S and 35 ° N 
latitude ( Norstog and Nicholls, 1997 ). Moreover, tree-ring data 
from the Fremouw peat suggest that the environment was warm 
and temperate with only rare frosts during the growing season 
and neither severe cold nor drought ( Taylor and Ryberg, 2007 ). 
The tree-ring data also clearly indicate that seasonality in the 
Fremouw peat was dictated by low winter light levels that in-
hibited photosynthesis ( Taylor and Ryberg, 2007 ;  Ryberg and 
Taylor, 2007 ). Other evidence of seasonality in the Fremouw 
peat and surrounding contemporaneous fl oras includes the pres-
ence of leaf mats and abscission layers in the leaf bases of some 
 Dicroidium  fronds ( Meyer-Berthaud et al., 1993 ;  Taylor, 1996 ; 
 Taylor et al., 2000 ;  Axsmith et al., 2000 ). 

 In this paper we describe  Spaciinodum  stem buds, which are 
another indicator of seasonality in the Fremouw peat fl ora, and 
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  Spaciinodum collinsonii , a Triassic sphenophyte from the central Transantarctic Mountains, Antarctica, is reinterpreted based 
on new material in order to clarify discrepancies from previous work and to detail the development and ecology of the  Spaci-
inodum  plant. Vegetative stems have alternating nodes and internodes, nodes distinguished by a solid diaphragm of tissue, inter-
nodes by the presence of vallecular (cortical) and carinal canals, and a hollow pith. Whorls of branches arise immediately above 
the nodes, alternating with the leaves of the subjacent nodes. Branches develop in the cortex and are anatomically similar to the 
stems. While  Spaciinodum  is similar to extant  Equisetum , it is distinctive in that its large vallecular canals form a complete ring 
within the cortex and are separated only by thin fi mbrils of tissue. The majority of specimens of  Spaciinodum  are now believed to 
be dormant buds with condensed nodes and internodes, with progressively longer internodal regions more basally. More apical 
portions of buds have cellular internodes because the areas where the canals will form have not yet ruptured from elongation. The 
abundance of buds and the absence of elongated stems in the permineralized peat deposit suggest that  Spaciinodum  underwent 
dormancy during the dark Antarctic winters. 
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enclosing and overarching the apex of the young stem; fused 
proximally, distally free and tapering, vascularized by a single 
bundle with scalariform xylem thickenings; free distal portions 
rectangular in transverse section, mesophyll unifacial.  Branches  
arising within the cortex, alternating with the leaves; branches 
internally organized much like larger stems, vascular bundles 
collateral, inner cortex with developing vallecular canals, outer 
cortex cellular; branch-borne leaves given off at the nodes and 
overarching the apices of the branch primordia.  Stomata  super-
fi cial.  Buds  consist of a telescoped stem with jointed organiza-
tion, stem apex overarched by leaves. Bud attached to additional 
tissue basally that may represent a root or rhizome. 

 RESULTS 

 Stem anatomy   —      Examination of new and well-preserved 
specimens of  Spaciinodum  has allowed us to formulate a new 
interpretation of the probable organization of the mature stem, 
i.e., a stem with fully elongated internodes. In internodal re-
gions, the stem is often characterized by a large open pith (cen-
tral or pith canal) surrounded by a ring of many small vascular 
bundles ( Fig. 1 ) ; in stems that are not fully elongated, the pith 
is solid in internodal regions ( Fig. 2 ). Vascular bundles are col-
lateral with an associated carinal canal — an open canal in the 
position of the protoxylem ( Figs. 1, 16 ). External to the vascu-
lature is a continuous ring of large vallecular canals in the cor-
tex of the stem ( Figs. 1, 4 ;  see also  Osborn et al., 2000 , plate 1, 
fi g. 4); partitions between adjacent vallecular canals are formed 
by thin uniseriate fi mbrils ( Figs. 1, 2, 4 ). External to these ca-
nals is a thick layer of cortical tissue that forms the external ribs 
of the stem ( Figs. 1, 4 ). This tissue may be sclerenchymatous, 
as evidenced by a specimen that has thick-walled cells that may 
be sclerifi ed ( Fig. 3 ). In the nodal region, vallecular canals are 
absent, and the solid pith forms a solid diaphragm of tissue 
across the stem ( Figs. 1, 2, 21 ). Vascular bundles in the stem 
are offset between successive nodes, such that the leaf traces 
given off at a node alternate with superjacent internodal bun-
dles ( Fig. 1 ). 

 Branching   —      Several specimens have evidence of branching, 
including developing whorls of branches in buds. The branches 
(4 – 6) arise in the cortex of the stem ( Figs. 4, 5 ) and alternate 
with the leaves of the subjacent node. Branches observed in 
buds depart the stem at a right angle and then curve upward 
within the leaves of subjacent nodes. Anatomy of the branch is 
similar to that of the stem. The cortex consists of an outer cel-
lular region and an inner hollow ring that is transected by rows 
of cells, which form the vallecular canals ( Figs. 7, 8 ). A lining 
in the internal portion of the cortex is the remnant of the vascu-
lature that has separated from the cortex ( Fig. 8 , arrowhead). 
The mass of cells in the center of the branch is pith tissue with 
occasional xylem tracheids around the margin ( Figs. 7, 8 ). In an 
oblique transverse section, the node/internode arrangement can 
be seen, with masses of cells aligned in distinct rows and col-
umns ( Fig. 9 ). Branch-borne leaves are attached at right angles 
to the nodes; the leaves have broad bases, and each tapers to-
ward its apex ( Fig. 9 ). Branch leaves in buds completely en-
close the branch and are themselves enclosed in leaves from 
subjacent nodes of the stem ( Fig. 18 ). 

 Buds   —      The majority of  Spaciinodum  specimens previously 
described as isolated apices may in fact be shoot buds. These 

also detail the fi rst evidence of branching in this genus. New 
insights from the anatomy of the buds have allowed us to more 
accurately interpret the anatomy of the  Spaciinodum  plant and 
to make inferences about vegetative development of the stem 
and branches. These new data are used in a discussion of the 
phylogenetic context of this equisetophyte and the importance 
of the buds in understanding the ecology of  Spaciinodum  and 
the Fremouw peat fl ora. 

 MATERIALS AND METHODS 

 The permineralized peat comes from the Beardmore Glacier area of the cen-
tral Transantarctic Mountains of Antarctica, north side of Fremouw Peak 
(84 ° 18 ′ S, 164 ° 20 ′ E). The plants are silicifi ed and dated as early Middle Triassic 
(Anisian) on the basis of palynology ( Farabee et al., 1990 ). Specimens were 
prepared using the acetate peel technique ( Galtier and Phillips, 1999 ), after 
etching in 49% HF for ~1.5 – 8 min. Pieces of peels were mounted on micro-
scope slides in Eukitt for light microscopy. Fossil specimens prepared for this 
study include specimen numbers 10771, 11164, 11277, 12741, 13460, 15766, 
15771, 15772, 15733, 15998; and slide numbers 22565 – 23012. Fossil speci-
mens previously prepared include specimen number 10160, and slides 20357 
and 15652. Extant specimens examined include a transverse section of an  Equi-
setum hyemale  stem (from Ripon Microslides Laboratory, Ripon, Wisconsin), 
two transverse sections of a young  Equisetum  sp. stem apex from the teaching 
slides of the Paleobotanical Collections, KU Natural History Museum, and De-
partment of Ecology and Evolutionary Biology greenhouse specimens of  E . 
 hymale . All specimens are housed in the University of Kansas Natural History 
Museum, Division of Paleobotany, Lawrence, Kansas collection. 

 Images were captured using a Leica (Allendale, New Jersey, USA) DC500 
camera on either a Leica MZ 16 dissecting microscope or a Leica DM 5000 B 
compound microscope using Leica DC 500 version 5.2.4 software in conjunc-
tion with Photoshop CS2 (Adobe Systems, San Jose, California, USA). Images 
were processed after capture using Photoshop CS version 8.0. Changes to raw 
images include resizing using bicubic resampling, rotating, and cropping. 
Color, contrast, and brightness were not adjusted after capture. 

 SYSTEMATICS 

 Division Equisetophyta  
    Order Equisetales  
       Family Equisetaceae  
          Genus Spaciinodum  
 Type species — Spaciinodum collinsonii Osborn  &  Taylor, 

1989 emend   —     

 Emended diagnosis —    Stem  with ribbed and furrowed sur-
face and jointed organization representing distinct nodal and 
internodal regions. In longitudinal section, internodal regions 
are shorter apically and longer basally. Nodes characterized by 
solid pith, absence of vallecular (cortical) and carinal (protoxy-
lem) canals, and large vascular bundles that form a nearly con-
tinuous ring, internodal regions characterized by vallecular 
canals separated by uniseriate cellular partitions (fi mbrils) 
around the circumference of the cortex. Position of vascular 
bundles offset in successive internodes, bundles collateral, xy-
lem endarch. Internodal anatomy differing with degree of matu-
ration of the internode; relatively immature internodes with 
vallecular canals contain cells, canal boundaries and uniseriate 
fi mbrils are clearly visible, carinal canals absent. More mature 
(elongate) internodes characterized by open vallecular and cari-
nal canals; most mature internodes also with large pith canal. 
Sclerenchyma and distinct stem ribs rarely observed, possibly 
only developing at the periphery of the cortex in very mature 
stems or rarely preserved.  Leaves  occurring in whorls at nodes, 
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 Figs. 1 – 3.    Spaciindoum collinsonii .  1.  Oblique transverse section showing organization of both nodal and internodal regions in a mature stem. Nodal 
regions display a solid pith (Nodal Septum), a solid cortex with no vallecular canals, and leaf traces (LT) traversing the cortex. Internodal regions display 
prominent vallecular canals (VC) in the cortex separated by uniseriate, thin-walled fi mbrils (Fimbril). A prominent pith canal (PC) is also present. Collat-
eral vascular bundles (VB) with associated carinal canals (CC) occur in the internodal region. Slide no. 22573, bar = 1 mm.  2.  Oblique section of a stem, 
covering eight nodes. Internodal regions are traversed by thin fi mbrils that mark the boundaries of the vallecular canals in the cortex. In this section, the 
pith is solid in both internodal and nodal regions, perhaps indicating that cellular tearing has not yet occurred in that region. Carinal canals (CC) are present. 
Slide no. 20357, bar = 2 mm.  3.  Transverse section of poorly preserved stem clearly showing cortical sclerenchyma (arrowheads). Slide no. 26339, bar = 
300  μ m   
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 Figs. 4 – 9.   Transverse sections of branching stems and branches of  Spaciinodum collinsonii  and  Equisetum  sp.  4.  Transverse section of stem showing 
emerging branch (arrowheads), open pith (PC), vallecular canals (VC), and carinal canals (CC). Slide no. 22595, bar = 2 mm.  5.  Transverse section showing 
detail of branch primordium in cortex with vallecular canals (VC). Note air space around developing branch bud. The vallecular canal (VC) is toward the 
center of the stem and the outer cortex (OC) is toward the outside of the stem. Slide no. 22886, bar = 0.5 mm.  6.  Transverse section of  Equisetum  sp. stem 
showing branch primordia, developing vallecular canals (VC) and carinal canals (CC). Note air spaces around developing branch buds, similar to  Fig. 5 . 
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elongated) may have made interpretation of the section more 
diffi cult, although other, similar sections also show nodal dia-
phragms traversing the pith with open internodal regions (see 
 Osborn et al., 2000 , plate II, fi g. 3). 

  Osborn et al. (2000)  identifi ed a single specimen of  Spaci-
inodum , including the specimen shown here in  Fig. 20 , as a 
fertile apex of  Spaciinodum . The primary reason for this was 
the identifi cation of spore-fi lled sporangia at the base of one of 
these fertile apices (see  Osborn et al., 2000 , plate 1, fi gs. 3, 5, 
and plate 3, fi gs. 1 – 4). The sporangia described from the  “ fertile 
apex ”  do not resemble equisetacean sporangia. According to 
 Osborn et al. (2000) , the sporangia are associated with the corti-
cal chambers, rather than being born externally on sporangio-
phores as in extant  Equisetum  ( Foster and Gifford, 1959 ). No 
reproductive spores are found within the stem of any other ex-
tant or fossil equisetaleans, casting doubt as to whether the 
spores belong to  Spaciinodum . The  “ spores ”  macerated from 
the base of this specimen are also somewhat small for equiseta-
cean spores, as pointed out by  Osborn et al. (2000) . The  “ spo-
rangia ”  may simply be cortical chambers fi lled with fungal 
spores. Thus, we consider it unlikely that this apex is the fertile 
structure of the  Spaciinodum  plant. 

 Stem development of Spaciinodum: Anatomy of aerial stem 
buds   —      Many of the specimens newly fi gured in this paper are 
thought to represent aerial stem buds, and their anatomy refl ects 
various stages of development. These specimens are considered 
buds since the longest internodal length (0.6 mm) is shorter 
than that found in elongated internodes (3.1 mm). Understand-
ing the development of the  Spaciinodum  stem is facilitated by 
the unique way in which the stem of  Equisetum  develops, as 
detailed by  Golub and Wetmore (1948a ,  b ) for  E .  arvense . In 
extant  E .  arvense , an intercalary meristem that originates from 
the lower three to four layers of the leaf sheath primordium 
gives rise to the extravascular tissues, particularly those of the 
epidermis and cortex. As the epidermis and outer cortex (hypo-
dermis) differentiate, one or more layers of cells of the outer 
cortex elongate and become fi brous. These cell layers may in-
crease through periclinal division, especially under the ribs, and 
form the periphery of the cortex. While the inner cortical cells 
also elongate and expand radially, they do not maintain pace 
with expansion of the internode in length and width. Schizoge-
nous intercellular spaces begin to develop between the cells of 
the inner cortex, eventually forming the vallecular canals ( Figs. 
12, 13 ). The intercalary meristem contributes no cells to the 
pith in the internodal region after the fourth or fi fth internode, 
and the hollow pith forms by mechanical tearing of the cell 
walls ( Figs. 12, 13 ). Carinal canals are also formed by rupturing 
of cells and separating of the tissues. Internodal protoxylem el-
ements mature between the fourth to seventh internodes, and 
neither new protoxylem nor protophloem is produced by the 
intercalary meristem. As the internodes elongate following 
maturation of the xylem elements, they eventually tear; several 
xylem elements sometimes remain at the peripheries of the ca-
nals ( Figs. 13, 17 ). 

buds contain condensed, multinodal (up to 14 nodes) shoots 
( Figs. 19, 20 ). Comparison of more condensed with more elon-
gated buds suggest that they undergo elongation from the base 
toward the apex, i.e., acropetally ( Figs. 19, 20 ). Some buds 
have a fl attened basal region, which appears to be the actual 
boundary of a structure, and some appear to be attached to more 
tissue basally ( Figs. 19, 21 ). In internodal regions with imma-
ture tissue, developing buds lack open vallecular canals — al-
though the positions of the canals are clearly delimited by large 
parenchymatous cells divided by uniseriate rows of cells that 
will become the fi mbrils ( Figs. 10, 11, 19 ) — the pith is solid, 
and carinal canals are lacking ( Figs. 10, 14, 15 ).    

 DISCUSSION 

 Reinterpretation of vegetative and reproductive stems of 
Spaciinodum   —      Although in most respects, the description of 
the organization of the stem of  Spaciinodum  given here corre-
sponds to its original ( Osborn and Taylor, 1989 ) and previ-
ously emended ( Osborn et al., 2000 ) descriptions, it differs in 
one major respect: in past papers, the vallecular canals have 
been described as occurring only in the nodal regions of veg-
etative stems, and in the internodal but not the nodal regions 
of fertile apices. Reexamination of previously published and 
newly prepared material clearly indicates, however, that (1) 
the vallecular canals of  Spaciinodum  consistently occur in the 
internodal regions of the stem only; and (2) there is little evi-
dence that the previously described fertile apex is indeed an 
equisetacean reproductive structure rather than a sterile stem 
bud. 

 There is no evidence that the vascular and nodal – internodal 
anatomy of the specimen that is considered to be a reproduc-
tive apex by  Osborn et al. (2000)  differs from the anatomy of 
other stems of  Spaciinodum . Particularly, we reinterpret all 
stems of  Spaciinodum  as having vallecular canals in the inter-
nodal but not nodal regions. These canals in the internodal re-
gion are most obvious in longitudinal section, where nodal 
septa traverse both the pith and cortex of the stem, whereas 
each internodal region has an open cortex and sometimes an 
open pith ( Fig. 20 ; see also  Osborn and Taylor, 1989 , fi g. 17 
and Osborn et al., 2000, plate 1,  fi gs. 1 – 3, 5 ). Thin cortical fi m-
brils that form partitions between adjacent vallecular canals in 
internodal regions can also be observed in transverse ( Figs. 1, 
4 ; see also  Osborn and Taylor, 1989 , fi gs. 8, 15 and  Osborn et 
al., 2000 , plate 1, fi g. 4), longitudinal ( Fig. 20 ; see also  Osborn 
and Taylor, 1989 , fi g. 17 and Osborn et al., 2000, plate 1,  fi gs. 
2, 3 ), and oblique sections ( Fig. 2 ). Previously, oblique trans-
verse sections such as the one in  Fig. 2  were interpreted as 
oblique through a single node, at least in the region of the pith 
( Osborn et al., 2000 ). However, this section clearly shows mul-
tiple nodal diaphragms traversing the cortex, suggesting that 
the section in fact cuts across multiple nodal and internodal re-
gions. That the pith is solid throughout both nodal and inter-
nodal regions (possibly indicating that the stem is not fully 

Slide no. 23010, bar = 0.5 mm.  7.  Slightly oblique transverse section through branches above the apex of the stem. The whorled arrangement of branches 
(B) is apparent. Leaves between the branches are those from higher nodes on the stem and leaves outside of the branches are those from nodes below the 
point of branch development. Slide no. 22968, bar = 2 mm.  8.  Slightly oblique cross section of a single branch. The center of the branch consists of pith 
tissue (P), while the outer portion consists of the inner (IC) and outer (OC) cortex. The arrowhead points to the lining that is the remnant of vascular tissue. 
Slide no. 22968, bar = 0.5 mm.  9.  Oblique transverse section of a branch showing the emergence of a leaf at a node (arrowhead). The leaf subsequently 
curves upward to enclose the branch. Slide no. 22988, bar = 0.2 mm.   

←
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 Figs. 10 – 17.   Transverse sections of immature stems of  Spaciindoum collinosonii  (10, 11, 14 – 16) and  Equisetum  (12, 13, 17).  10.  Transverse sec-
tion of stem showing a solid pith, uniseriate cortical fi mbrils, cell-fi lled vallecular canals (VC), and external leaves. Slide no. 22605, Scale = 1 mm.  11.  
Detail of immature vallecular canals (VC) fi lled with cells and separated by uniseriate fi mbrils. Slide no. 22654, bar = 200  μ m.  12.   Equisetum  sp., 
showing pith with central canal beginning to open, opening vallecular canals (VC), and leaf sheaths. Slide no. 23011, bar = 1 mm.  13.  Detail of cell-
fi lled vallecular canals (VC) in  E. hyemale , also showing vascular bundles with open carinal canals (CC) and open pith. Slide no. 23012, Scale = 200  μ m. 
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the same sections as the branches, suggesting that the co-occur-
rence of branches with open canals characteristic of internodal 
anatomy may be typical of  Equisetum  and may not represent a 
feature unique to  Spaciinodum . Unfortunately, vascular con-
nection of the branches to the main stem in  Spaciinodum  has 
not been observed. 

 Two  Spaciinodum  aerial stem buds contain more fully devel-
oped branch primordia, arising from at least two nodes, thus 
providing the fi rst defi nitive evidence that  Spaciinodum  was a 
sphenophyte that bore secondary branches. These branches, 
four observed at one node in one specimen and six at one node 
and at least one branch at a higher node in another specimen, 
alternate with the leaves ( Fig. 7 ), as in extant  Equisetum . The 
branches depart the bud at right angles and then curve upward 
within the leaves of subjacent nodes. The production of branches 
at multiple nodes suggests that  Spaciinodum  is a branching 
sphenophyte and that this branching is not a wound response as 
seen in some extant  Equisetum  ( Hauke, 1963 ). The internal 
structure of the branches is similar to that of the larger stems 
( Figs. 7 – 9 ). Because the anatomy of the branches is not pre-
served in great detail, the degree of branching in  Spaciinodum  
cannot be determined. However, all branches were found en-
closed within buds, indicating that the buds themselves are 
most likely not secondary branches with a different morphol-
ogy from a primary stem. 

 Subterranean structures in Equisetales: Evidence of sea-
sonality   —      Reports of fossilized subterranean portions of equi-
setaleans consist mostly of roots and tubers. In  Phyllotheca  
( McLoughlin et al., 2005 ) and fossil  Equisetum  (e.g.,  Gould, 
1968 ;  Brown, 1975 ;  Watson and Batten, 1990 ), roots and root-
lets have been described from impression specimens, but no 
other organs are attached to the rhizomes. In  Equisetum , tubers, 
which are starch-fi lled storage organs, are produced when aerial 
shoots become dormant and photosynthesis ceases (Hauke, 
1985;  Marshall, 1986 ). Tubers and roots have been reported 
from numerous Mesozoic and Cenozoic sediments of the north-
ern hemisphere (e.g.,  McIver and Basinger, 1989 ;  Watson and 
Batten, 1990 ;  Skog and Dilcher, 1994 ;  Zhang et al., 2007 ), but 
few from the southern hemisphere. The starch content in tubers 
may make them more likely than aerial branch buds to be pre-
served, which may explain why they are present in the fossil 
record while buds are not. Another possibility is that individual 
impressions of tubers may represent buds with little detail pre-
served and therefore would look similar to tubers. No previous 
records of fossil equisetalean buds are known from either the 
northern or southern hemisphere; therefore, this paper is the 
fi rst report of fossil equisetalean buds. 

 In extant  Equisetum , buds develop on the subterranean por-
tions of the stems ( Fig. 22 ) that constitute the dormant struc-
tures of the plants (aerial stems of some species die back in the 
fall); one or more buds protrude from each node for up to sev-
eral inches in the soil ( Hofmeister, 1862 ). Fertile and vegetative 
buds, constituting the initial stems of the next year ’ s growth, are 
fully developed by the time dormancy sets in, each containing all 

 Sections of nonelongated  Spaciinodum  stems show that they 
have a solid pith in transverse section ( Fig. 10 ) and clearly de-
limited vallecular canals ( Figs. 10, 11 ). These developing ca-
nals are quite similar to those in  Equisetum hyemale  ( Fig. 13 ) 
and those described from for  E. kansanum  by  Browne (1939) ; 
the boundaries of the future vallecular canals are clearly visible 
in the condensed internodes of the stem, although the canals are 
fi lled with large parenchymatous cells. The development of the 
canals appears different from what are interpreted as vallecular 
canals forming in the cortex of a young  Equisetum  sp. apex 
( Fig. 12 ). Some longitudinal sections of  Spaciinodum  have a 
pith that is at least partially solid in apical regions, but more 
open basally, suggesting that the development of the pith canal 
proceeded acropetally. Such acropetal development refl ects 
typical development of  Equisetum  aerial stem buds, which ma-
ture from base to apex (Hauke, 1985). Open vallecular canals 
are visible in regions of the same bud where the pith canal is not 
fully developed, suggesting that they opened before the pith ca-
nal ( Fig. 20 ). The opening of vallecular canals before pith ca-
nals is corroborated by other oblique and transverse sections, 
which have open vallecular canals and a cellular pith ( Fig. 2 ). 
Transverse and oblique sections additionally suggest that the 
carinal canals also opened before the pith canal. Perhaps they 
opened near the same level as that at which the vallecular canals 
opened, because open carinal and vallecular canals have been 
observed to co-occur in sections with cellular material in the 
pith ( Fig. 2 ), and sections with closed vallecular canals show 
little or no development of the carinal canals ( Figs. 10, 19 ). 
Although rupturing of cells to form the carinal canals in longi-
tudinal sections of  Spaciinodum  has not been observed, some 
transverse sections show immature vascular bundles lacking 
canals ( Fig. 14 ), perhaps showing the early stages of canal for-
mation ( Fig. 15 ), and fully developed bundles with well-devel-
oped carinal canals ( Fig. 16 ). 

 Other specimens of  Spaciinodum  show evidence of branch-
ing, including developing whorls of branches that have been 
initiated within dormant buds. In extant  Equisetum , branches 
are interpreted as originating exogenously at the top of the node 
(Hauke, 1987), although according to  Sharma (1990) , branches 
develop deep in the cortex ( Fig. 6 ). The specimens of  Spaci-
inodum  that show evidence of branching suggest that the 
branches differentiate in the cortex ( Figs. 4, 5 ). As they emerge, 
branches in  Equisetum  are protected by a small air space 
( Sharma et al., 1986 ), visible in a branching specimen of  Equi-
setum  ( Fig. 6 ), and in one specimen of  Spaciinodum  ( Fig. 5 ). 
Although branches in  Equisetum  are generally considered to be 
associated with nodal regions, it is notable that the nascent 
branches in  Spaciinodum  occur at the same level with vallecu-
lar and carinal canals, two features that are generally consid-
ered as an indication that the region is internodal ( Figs. 4, 5 ). 
The breakdown of cells, perhaps indicating the initial stages of 
development of vallecular canals, can also be seen in the trans-
verse section of  Equisetum , and carinal canals are clearly pres-
ent as well ( Fig. 6 ).  Duval-Jouve (1864 , plate 6, fi gs. 22 – 23) 
also illustrated  E .  arvense  with vallecular and carinal canals in 

 14.  Immature vascular bundle of  Spaciinodum  with few differentiated xylem elements (X) and no carinal canal. Slide no. 22658, bar = 100  μ m.  15.  
Immature bundle of  Spaciinodum  with few differentiated xylem elements, perhaps surrounding developing carinal canal (CC). Slide no. 22656, 
bar = 100  μ m.  16.  Mature bundle of  Spaciinodum  showing open carinal canal (CC) and xylem (X). Slide no. 22761, bar = 100  μ m.  17.  Mature bundle 
of  E .  hyemale  showing open carinal canal (CC), protoxylem tracheids at periphery of canal (PXT), metaxylem (MX), and phloem (P). Slide no. 23013, 
bar = 100  μ m.   

←
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 Figs. 18 – 22.    Spaciinodum collinsonii  (18 – 21) and  Equisetum  sp. (22) stem buds.  18.  Slightly oblique transverse section of the apical-most point in a 
branch. Branch leaves (BL) completely enclose the branch before elongation. Stem leaves (SL) enclose the branch as well as the branch leaves. Slide no. 
22973, bar = 0.5 mm.  19.  Longitudinal section of an immature stem bud showing internodal regions with parenchymatous cellular material in cortical and 
pith regions. Slide no. 15652, bar = 1 mm.  20.  Longitudinal section of  Spaciinodum  stem bud with progressively longer internodes from the apex toward 
the base. Distinct vallecular canals (VC) and a pith canal (PC) are observed in basal internodes. A nodal diaphragm (Nodal Septum) indicates the position 
of the nodes. Slide no. 22667, bar = 1 mm.  21.  Longitudinal section of a stem bud showing leaves and basal attachment to another structure. Slide no. 
22820, bar = 1 mm.  22.  Stem bud on the rhizome of an extant  Equisetum . Actual size.   
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than previously thought.  Osborn and Taylor (1989)  suggested 
that  Spaciinodum  may be allied with subgenus  Equisetum  based 
on its superfi cial stomata. Our data would appear to support that 
supposition; stem branching ( Figs. 4 – 7 ) is a feature found 
throughout subgenus  Equisetum , although several species of 
subgenus  Hippochaete  also branch ( Guillon, 2004 ). Addition-
ally, the presence of numerous sterile stem buds and the lack of 
reproductive buds may indicate that  Spaciinodum  was dimor-
phic and produced separate sterile and fertile aerial shoots. The 
subgenus  Equisetum  contains all four species that produce di-
morphic stems ( Hauke, 1963 ;  Guillon, 2007 ); thus, dimorphism 
in  Spaciinodum  is another character allying it with subgenus 
 Equisetum . Recent phylogenetic analyses based on molecular 
sequence data, however, suggest that subgenus  Equisetum  is 
probably paraphyletic, with a monophyletic  Hippochaete  clade 
nested within it ( Des Marais et al., 2003 ;  Guillon, 2004 ,  2007 ). 
In these analyses,  E .  bogotense , traditionally placed in subge-
nus  Equisetum , either attaches to the tree below the remaining 
species of  Equisetum  or at the base of (or even within) the  Hip-
pochaete  clade. This unresolved placement of  E. bogotense  
suggests that some characteristics of  Equisetum  subgenus  Equi-
setum  — particularly relevant here, superfi cial stomata and 
branching stems — may be plesiomorphic within the genus  Equi-
setum  ( Guillon, 2004 ). Furthermore, recent analyses have 
suggested that stem dimorphism and stem branching may be 
homoplastic characters within  Equisetum  ( Des Marais et al., 
2003 ;  Guillon, 2007 ). Thus, based on this new information, 
characteristics of  Spaciinodum  that are congruent with those of 
subgenus  Equisetum  are equivocal in providing grouping infor-
mation with respect to the infrageneric phylogeny of the extant 
genus as presently understood. 

 Perhaps  Spaciinodum  as a genus is distinct from  Equisetum . 
An obvious difference between the two genera is the frequency 
and spacing of vallecular canals in the cortex. In  Equisetum , 
vallecular canals are the same in number and alternate in posi-
tion with the vascular bundles, whereas in  Spaciinodum , the 
vallecular canals form a continuous ring around the circumfer-
ence of the cortex, with only thin, uniseriate fi mbrils serving as 
partitions between adjacent canals ( Fig. 1 ; see also  Osborn and 
Taylor, 1989 , fi g. 8 and Osborn et al., 2000, plate 1,  fi g. 4 ). 
Reproductive remains may help to clarify the amount of simi-
larity or difference between the two genera and provide addi-
tional evidence bearing on whether  Spaciinodum  should be 
recognized as distinct at the generic level or whether it would 
be better treated as a species within  Equisetum . 

 Conclusions   —      This study adds to our growing knowledge of 
the Equisetales,  Spaciinodum , and the Triassic Fremouw peat 
fl ora of Antarctica. It is now clear that as early as the early 
Middle Triassic, plants with anatomy, development, and ecol-
ogy similar to extant  Equisetum  existed. This study documents 
the fi rst report of aerial stem buds, a dormant structure charac-
teristic of extant  Equisetum . New structural data provided by 
these buds indicates that  Spaciinodum  is anatomically distinct 
from  Equisetum , although the differences are minor (in the 
number and arrangement of vallecular canals) and stem devel-
opment is similar in both taxa.  Spaciinodum  can be placed in 
Equisetaceae given its herbaceous habit and fused leaf bases 
( Taylor and Taylor, 1993 ). However, classifi cation of  Spaci-
inodum  to family level does little to enhance our understanding 
of its phylogenetic relationship to other herbaceous and arbo-
rescent equisetaleans, nor our understanding of character evolu-
tion within the order. Since the vast majority of the diversity 

the components of an aerial axis. All growth contributed by the 
apical cell is completed in the autumn, and it has been reported 
that the apical cell is used up in some species once the stem bud 
has been organized, but before elongation occurs (Hauke, 
1985). The following spring, the condensed buds extend by in-
tercalary meristematic growth from the base to the tip of the 
bud (Hauke, 1985). Buds are rarely seen during the growing 
season, because most of the resources are allocated to rhizome 
expansion during that time ( Golub and Wetmore, 1948a ; Sakamaki 
and Ino, 2006); suggesting that the presence of numerous buds 
indicates a dormant period in the life cycle of  Spaciinodum . By 
analogy, the discovery of numerous buds in the peat would in-
dicate that they were preserved during a dormant period in the 
life cycle of  Spaciinodum . In fact, it is now unclear whether any 
specimens of  Spaciinodum  heretofore identifi ed and described 
are fully mature or whether all specimens represent buds that 
are only partially elongated. 

 The presence of numerous buds may be an indicator that the 
growth of  Spaciinodum  was partially dictated by a seasonally 
changing environment. The Fremouw Peat fl ora, despite its 
very high paleolatitude — 70 – 75 ° S, well within the Antarctic 
Circle — probably represents a warm temperate environment 
(Kidder and Worsley, 2004). Tree-ring data from the Fremouw 
peat clearly indicate that seasonality was dictated by low win-
ter light levels, which inhibited photosynthesis, rather than by 
temperature or water availability ( Taylor and Ryberg, 2007 ; 
 Ryberg and Taylor, 2007 ). Leaf mats preserved in contempora-
neous compression fl oras and abscission layers documented in 
compression fossils and permineralized leaves of  Dicroidium  
indicate that taxa assigned to the gymnosperm group Corys-
tospermales were seasonally deciduous in response to low 
winter light levels ( Meyer-Berthaud et al., 1993 ;  Taylor, 1996 ; 
 Axsmith et al., 2000 ;  Taylor et al., 2000 ). Low light levels have 
been shown to induce a state of quiescence in extant  Equise-
tum  ( Sakamaki and Ino, 2002 ), thus suggesting that the pres-
ence of aerial stem buds of  Spaciinodum  is another indicator 
of a seasonal climate in Antarctica. The stems of  Spaciinodum  
would have died back during the dark winter and survived un-
derground by means of subterranean rhizomes that contained 
fully developed dormant buds. Once light levels were adequate 
for growth, elongation would have commenced and buds would 
not have been common. 

 The absence of well-defi ned, fertile buds may suggest that 
 Spaciinodum  was dimorphic. In extant  Equisetum , the fi rst buds 
to elongate are those containing cones ( Golub and Wetmore, 
1948a ). Elongation of the internodes occurring at the base of 
numerous buds of  Spaciinodum  suggests that they were begin-
ning to elongate at the time of deposition, during the Antarctic 
spring. If the sterile shoots were beginning to elongate, then 
all the reproductive axes may already have completed elonga-
tion, explaining their scarcity in the matrix.  Taylor et al. 
(1989)  suggested that the peat blocks were deposited on sand-
bars downstream of their origin during a fl ooding event. The 
condensed buds would have been more protected than elon-
gated stems, roots, and other organs and thus less likely to be 
destroyed by a fl ood. The slightly elongated stems in these 
peat blocks may indicate that a spring fl ood occurred, deposit-
ing the material. 

 Relationship of Equisetum and Spaciinodum   —      The inter-
pretation presented here, that the vallecular canals of  Spaci-
inodum  stems occur in internodal regions, indicates that the 
anatomy of  Spaciinodum  is more similar to that of  Equisetum  
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within Equisetales is extinct, a rigorously defi ned phylogenetic 
hypothesis including morphological data of extant and fossil 
taxa is clearly needed. This should help clarify relationships 
within Equisetales (including the position of  Spaciinodum ) and 
also help to better polarize characters within the extant genus 
 Equisetum . If only extant taxa are considered — as is the case in 
recent phylogenies of the genus (Des Marais et al., 2003; Guil-
lon, 2004, 2007) — the morphological features of  Equisetum  can 
be polarized only with reference to the most basally diverging 
extant  Equisetum  species or monilophyte outgroups from which 
 Equisetum  is structurally very distinct. 

 While aerial buds are continually produced in extant  Equise-
tum , it is only during the dormant stages when telescoped buds 
can be found with any frequency. The presence of  Spaciinodum  
buds throughout the Fremouw peat matrix suggests that the 
plant was most likely in a dormant stage during deposition. 
With the warm climate occurring in Antarctica during this time, 
frost and cool temperatures that induce dormancy in extant tem-
perate  Equisetum  would not be factors in inducing dormancy in 
 Spaciinodum . Light levels at these high latitudes were most 
likely the cause for dormancy, since low light levels have been 
shown to induce dormancy in extant  Equisetum  (Sakamani and 
Ino, 2002). With this new information on the ecology of  Spaci-
inodum , the reconstruction of the Antarctic landscape during 
the Triassic is becoming more complete. Particularly, the pres-
ence of elongating, vegetative buds in the peat may suggest that 
the deposition of the peat occurred in the spring, when buds 
would be expected to be numerous and beginning to break their 
winter dormancy. 

 LITERATURE CITED 

    Axsmith   ,    B. J.   ,    E. L.     Taylor   ,    T. N.     Taylor   , and    N. R.     Cuneo  .  2000 .  New 
perspectives on the Mesozoic seed fern order Corystospermales based 
on attached organs from the Triassic of Antarctica.    American Journal 
of Botany    87 :  757  –  768 .   

    Brown   ,    J. T.    1975 .   Equisetum clarnoi , a new species based on petrifac-
tions from the Eocene of Oregon.    American Journal of Botany    62 : 
 410  –  415 .   

    Browne   ,    I. M. P.    1939 .  Anatomy of the aerial axes of  Equisetum kansa-
num.     Botanical Gazette (Chicago, Ill.)    101 :  35  –  50 .   

    Des Marais   ,    D. L.   ,    A. R.     Smith   ,    D. M.     Britton   , and    K. M.     Pryer  . 
 2003 .  Phylogenetic relationships and evolution of extant horsetails, 
 Equisetum , based on chloroplast DNA sequence data ( rbcL  and 
 trnl-F ).    International Journal of Plant Sciences    164 :  737  –  751 .   

    DiMichele   ,    W. A.   ,    R. A.     Gastaldo   , and    H. W.     Pfefferkorn  .  2005 .  Plant 
biodiversity partitioning in the Late Carboniferous and Early Permian 
and its implications for ecosystem assembly.    Proceedings of the 
California Academy of Sciences    56  ( Supplement I ):  32  –  49 .  

    Duval-Jouve   ,    J.    1864 . Histoire naturelle des  Equisetum  de France. J. B. 
Bailli è re et Fils, Paris, France.   

    Farabee   ,    M. J.   ,    E. L.     Taylor   , and    T. N.     Taylor  .  1990 .  Correlation 
of Permian and Triassic palynomorph assemblages from the central 
Transantarctic Mountains, Antarctica.    Review of Palaeobotany and 
Palynology    65 :  257  –  265 .   

    Foster   ,    A. S.   , and    E. M.     Gifford  .  1959 . Comparative morphology of vascu-
lar plants, 2nd ed. W. H. Freeman, San Francisco, California, USA.  

    Galtier   ,    J.   , and    T. L.     Phillips  .  1999 . The acetate peel technique.  In  
T. P. Jones and N. P. Rowe [eds.], Fossil plants and spores: Modern 
techniques, 67 – 70. Geological Society, London, UK.  

    Golub   ,    S. J.   , and    R. H.     Wetmore  .  1948a .  Studies of the development 
in the vegetative shoot of  Equisetum arvense  L. I. The shoot apex.  
  American Journal of Botany    35 :  755  –  767 .   

    Golub   ,    S. J.   , and    R. H.     Wetmore  .  1948b .  Studies of the development 
in the vegetative shoot of  Equisetum arvense  L. II. The mature shoot.  
  American Journal of Botany    35 :  767  –  781 .   



1453November 2008] Ryberg et al. — Development and dormant buds of  SPACIINODUM 

    Sakamaki   ,    Y.   , and    Y.     Ino  .  2006. Tubers and rhizome fragments as 
propagules: Competence for vegetative reproduction in  Equisetum 
arvense.     Journal of Plant Research    119 :  677  –  683 .   

    Sharma   ,    B. D.    1990 .  The ochreole in  Equisetum ramosissimum  Desf.  
  Geophytology    20 :  96  –  97 .  

    Sharma   ,    B. D.   ,    R.     Singh   , and    M. S.     Vyas  .  1986 .  Studies on the anatomy 
of  Equisetum ramosissimum  Desf.    Bionature    6 :  77  –  82 .  

    Skog   ,    J. E.   , and    D. L.     Dilcher  .  1994 .  Lower vascular plants of the Dakota 
Formation in Kansas and Nebraska, USA.    Review of Palaeobotany 
and Palynology    80 :  1  –  18 .   

    Taylor   ,    E. L.    1996 .  Enigmatic gymnosperms? Structurally pre-
served Permian and Triassic seed ferns from Antarctica.    Review of 
Palaeobotany and Palynology    90 :  303  –  318 .   

    Taylor   ,    E. L.   , and    P. E.     Ryberg  .  2007 .  Tree growth at polar latitudes based 
on fossil tree ring analysis.    Palaeogeography, Palaeoclimatology, 
Palaeoecology    255 :  246  –  264 .   

    Taylor   ,    E. L.   ,    T. N.     Taylor   , and    J. W.     Collinson  .  1989 .  Depositional 
setting and paleobotany of Permian and Triassic permineralized peat 

from the central Transantarctic Mountains.    International Journal of 
Coal Geology    12 :  657  –  679 .   

    Taylor   ,    E. L.   ,    T. N.     Taylor   , and    N. R.     C ú neo  .  2000 . Permian and 
Triassic high latitude paleoclimates: Evidence from fossil biotas.  In  
B. T. Huber, K. G. MacLeod, and S. L. Wing [eds.], Warm climates in 
earth history. Cambridge University Press, Cambridge, UK.  

    Taylor   ,    T. N.   , and    E. L.     Taylor  .  1993 . The biology and evolution of 
fossil plants. Prentice Hall, Englewood Cliffs, New Jersey, USA.   

    Watson   ,    J.    1983 .  Two Wealden species of  Equisetum  found  in situ.   
  Palaeontologica    28 :  265  –  269 .  

    Watson   ,    J.   , and    D. J.     Batten  .  1990 .  A revision of the English Wealden 
Flora, II. Equisetales.    Bulletin British Museum of Natural History 
(Geology)    46 :  37  –  60 .  

    Zhang   ,    Y. L.   ,    D. K.     Ferguson   ,    A. G.     Ablaev   ,    Y. F.     Wang   ,    C. S.     Li   , 
and    L.     Xie  .  2007 .   Equisetum  CF.  pratense  (Equisetaceae) from 
the Miocene of Yunnan in southwestern China and its paleoeco-
logical implications.    International Journal of Plant Sciences    168 : 
 351  –  359 .       


