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SECONDARY GROWTH IN VERTEBRARIA ROOTS FROM THE LATE PERMIAN OF
ANTARCTICA: A CHANGE IN DEVELOPMENTAL TIMING

Anne-Laure Decombeix,1 Edith L. Taylor, and Thomas N. Taylor

Department of Ecology and Evolutionary Biology, and Natural History Museum and Biodiversity Research Center,
University of Kansas, Lawrence, Kansas 66045-7534, U.S.A.

Permineralized Vertebraria roots from the late Permian of the Central Transantarctic Mountains, Antarctica,
are investigated to understand the unusual vascular anatomy of the genus. The specimens range from;1 mm to
several centimeters in diameter and illustrate all the stages of secondary growth. Our observations confirm
previous hypotheses on the development of these roots and suggest that their unique anatomy is the result of a
change in developmental timing. Vertebraria is characterized by a vascular cambium that remains discontinuous
through several growth seasons, leading to the formation of lacunae alternating in cross section with wedges of
secondary vascular tissues. The bifacial nature of the cambium is confirmed by the presence of well-developed
secondary phloem composed of longitudinally elongated cells and uniseriate parenchymatous rays. In some of the
largest specimens, a continuous vascular cylinder is formed by the differentiation of cambium from paren-
chymatous cells bordering the lacunae. The new specimens provide additional information on the secondary
xylem anatomy and vascular connection to lateral roots.

Keywords: Permian, Antarctica, Glossopteridales, roots, Vertebraria, anatomy, development.

Introduction

Rooting structures are hypothesized to have evolved inde-
pendently in all the major groups of vascular plants some time
during the Devonian (Raven and Edwards 2001). In the ligno-
phyte clade (i.e., progymnosperms and seed plants), roots
were probably derived from a stem with a simple, protostelic
organization (Beck 2005). Structural adaptations of this an-
cestral axis, no doubt related to its functions in anchorage and
absorption of water and minerals, led to the typical root anat-
omy of seed plants. Because the organization of lignophyte
roots has changed little since the Devonian progymnosperms,
they have received significantly less attention than associated
stems and reproductive organs. Among the Paleozoic ligno-
phytes, however, root anatomy and morphology have been
described for some representative genera, including the
Devonian progymnosperm Archaeopteris (Beck 1953) and
Carboniferous seed plants, such as Lyginopteris (Williamson
1894; Halket 1932; Krings and Schultka 2000), Medullosa
(Steidtmann 1944; Rothwell and Whiteside 1974), Callisto-
phyton (Rothwell 1975; Russin 1981), and Cordaites (Crid-
land 1964). While it is difficult to assess the systematic value
of root characters in these plants, the study of root systems
provides more accurate reconstructions of the habit and devel-
opment of fossil plants, as well as offering insights on the en-
vironment in which these plants lived. In this article, we
present new data on secondary growth in Vertebraria, a mor-
phogenus found in Gondwanan floras throughout the Permian

and interpreted as the root system of the glossopterid gymno-
sperms (Gould 1975).

Historical Account

Even though Vertebraria has been reported by numerous
authors since the nineteenth century because of its local
abundance and distinctive morphology, its exact nature and
biological affinities have remained uncertain for most of its his-
tory. The genus was proposed by Royle for compressions of
axes with a vertebrae-like appearance from the Permian of In-
dia. Royle (1839) provided enough illustrations to create a valid
genus, with the type species Vertebraria indica, but he did not
provide an interpretation of the specimens. McCoy (1847) pro-
vided a diagnosis for the genus based on axes from New South
Wales that he assigned to a new species, Vertebraria australis.
He interpreted Vertebraria as a slender stem bearing whorls of
cuneiform leaves and viewed it as closely allied to Sphenophyl-
lum (Sphenopsida). This idea was not widely accepted, and
most paleobotanists viewed Vertebraria as representing a leaf-
less axis with an unusual anatomy, belonging either to a fern or
to a gymnosperm (Zeiller 1896; Oldham 1897; Seward 1914).
Another interpretation was proposed in 1932, when Walton
and Wilson (1932) used cellulose acetate peels on coalified spec-
imens and demonstrated that the ‘‘leaves’’ were in fact wedges
of secondary xylem separated by empty zones that they inter-
preted as wide medullary rays. Both the general organization
and xylem anatomy supported a gymnosperm affinity. Further
studies, notably of compressed and coalified axes from India
and Tanganyika (now Tanzania; Sen 1955, 1958; Pant 1956),
supported the idea of a gymnosperm axis. Although these stud-
ies of compression specimens led to a better understanding of
the genus, it was still unclear whether Vertebraria was a stem, a
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rhizome, or a root. The affinities of the plant also remained un-
certain. While some reports ofGlossopteris leaves borne on Ver-
tebraria axes (see review in Pigg and Taylor 1993) suggested an
affinity with the Glossopteridales, there was no indisputable
connection found.
The discovery of anatomically preserved specimens in per-

mineralized peat from Antarctica (Schopf 1965; White 1973)
and their detailed description by Schopf (1965, 1970, 1982)
marked important progress in understanding this plant.
Schopf described Vertebraria as a root with three to nine pro-
toxylem strands, wedges of pycnoxylic secondary xylem with
conspicuous growth rings, and a thin cortex. Traces to lateral
roots were produced between the xylem wedges. Schopf inter-
preted the zones between the xylem wedges as what he termed
‘‘parenchymatous pockets’’ that have no equivalent in extant
plants. He also hypothesized that the production of a continu-
ous cylinder of wood in the external part of some specimens
was the result of initiation of new xylem initials from mar-
ginal cells in the parenchymatous pockets. Gould (1975) de-
scribed new permineralized specimens from the Bowen Basin
of Queensland, Australia. He noted that the spaces between
the wood wedges were apparently empty during active growth
and suggested that they represented an adaptation to living in
waterlogged soils. Gould also compared the wood of Verte-
braria with that of Araucarioxylon trunks from the same de-
posits and concluded that they belonged to the same plant
that probably bore Glossopteris leaves. Accumulated data
from the study of compression and permineralized specimens
finally led to the classical textbook reconstruction of Vertebra-
ria as the root system of a swamp-dwelling glossopterid tree
(Gould and Delevoryas 1977).
More recently, Neish et al. (1993) provided a developmen-

tal study of Vertebraria and, for the first time, documented the
early stages of growth on the basis of permineralized specimens
from East Antarctica. They confirmed the root characteristics
of Vertebraria, including the presence of an exarch actinostele
and an endodermis, and further illustrated the anatomy of
young roots and the onset of secondary growth.
This historical review suggests that since its first descrip-

tion, Vertebraria has received a great deal more attention than
any other fossil root. Nevertheless, several points regarding its
anatomy and development remain poorly known. The large
number of anatomically preserved specimens collected since
1970 in the central Transantarctic Mountains, Antarctica, is a
unique opportunity to further investigate this genus. As a re-
sult of detailed anatomical study of some particularly well-
preserved specimens, we confirm mechanisms of secondary
growth in Vertebraria and propose a synthesis of the develop-
mental events producing the unique organization seen in this
root. This article also provides new anatomical data, includ-
ing the first description of secondary phloem and the vascular
connection between parent and lateral roots.

Material and Methods

The specimens described in this article are preserved in per-
mineralized peat collected from Skaar Ridge, Beardmore Gla-
cier region, central Transantarctic Mountains, Antarctica
(84�49919.10S, 163�20928.00E; 2289 m elevation). The per-

mineralized peat occurs within the Buckley Formation of the
Beacon Supergroup and is considered to be Late Permian in
age on the basis of palynomorphs and associated compression
floras (Farabee et al. 1991).
Vertebraria roots are the most abundant plant remains in

the permineralized peat at Skaar Ridge. They show no particu-
lar orientation in the peat blocks, with branching occurring in
all directions. The following description is based on the obser-
vation of numerous specimens, ranging from minute rootlets
less than 1 mm in diameter to large roots with several centime-
ters of wood. The peat also contains roots with no lacunae in
the wood, similar to the ‘‘solid-cylinder Vertebraria’’ of Neish
et al. (1993). Because these specimens present distinct anatom-
ical characters and stages of development, and because no con-
nection between a Vertebraria and a solid-cylinder Vertebraria
has been observed, we will not include them in this study. Fur-
ther investigation is needed to elucidate whether these solid-
cylinder Vertebraria represent roots of a different taxon or a
different type of root produced by the same plant.
Serial cellulose acetate peels were made using the standard

technique (Galtier and Phillips 1999). Specimens were cut into
slabs, and polished surfaces were etched for 1–5 min in 49%
hydrofluoric acid and then rinsed and peeled. Selected peels
were mounted in Eukitt on microscope slides for observation.
Digital images were taken under reflected light using a Leica
(Leica Microsystems, Wetzlar, Germany) DC500 digital cam-
era attachment on a Leica MZ16 stereomicroscope and with
transmitted light using a Leica DC500 digital camera attachment
on a Leica DM5000 B compound microscope. Photographs
figure 3A and 3B were taken on an unmounted peel. Images
were processed using Adobe Photoshop CS (1999–2003,
Adobe Systems). Cell and tissue measurements were made us-
ing Wright Cell Imaging Facility’s ImageJ software (Rasband
1997–2008). Ring structure was analyzed using Denne’s
(1989) formula for earlywood-latewood boundary. Speci-
mens, peels, and slides used in this study are deposited in the
Paleobotanical Collections, Natural History Museum and
Biodiversity Research Center, University of Kansas, under the
specimen accession numbers 11324, 11642, 11645, 11648,
11654, 15479, 15491, 15529, 15542, 15549, 15630, 15695,
15855, and CB447, and slide accession numbers 23150–
23256 and 26367–26373. Several specimens are present on
most slides and thus share the same slide number.
Note on terminology. The term ‘‘lacunae’’ is used here for the

structures termed ‘‘airspaces’’ by previous authors. As we will
discuss later, it is unclear that these structures served as air chan-
nels; therefore, we will use the more neutral term ‘‘lacunae’’ in
the description and discussion.

Results

Anatomy of Young Roots with Primary
Growth Only (Fig. 1)

The youngest developmental stages observed correspond to
axes 1 mm in diameter or less (fig. 1A). These rootlets are very
abundant locally in the peat and are usually highly branched.
Some grow in decaying wood or in the lacunae of larger Verte-
braria axes (fig. 2G; fig. 8D, 8E).
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Epidermis and cortex. The rhizodermis is composed of a
single row of tangentially elongated cells. No root hairs or sto-
mata have been observed in any specimens; however, unless
highly concentrated, it is unlikely they would be conspicuous
in even closely spaced serial peels. Two zones can be distin-
guished in the cortex. The outermost portion (outer cortex) is
composed of four or five layers of compact parenchyma cells
(fig. 1B, 1C) that are polygonal in transverse section and 28–
130 mm in diameter. The largest cells are located toward the
center of the axis. In longitudinal section, they appear higher
than wide (fig. 1D). In most specimens, the outer cortex per-
sists after the initiation of secondary growth (fig. 2A, 2D, 2F),
possibly as a result of cell divisions that accommodate the in-
creasing diameter of the vascular tissues. An additional layer
of parenchyma might be present outside the outer cortex (fig.
2B, double-headed arrow). This layer, only a few cells thick, is
absent or badly preserved in most specimens.

The inner part of the cortex is composed of parenchyma cells
of irregular size and shape. The absence of this tissue in most
rootlets may be the result of early degradation rather than an
artifact of preservation since remains of cell walls can be seen
in the best-preserved specimens (fig. 1C). Inside this layer is a
well-preserved endodermis. Cells of this layer are circular and
27–55 mm wide in transverse section (fig. 1B, 1C). These cells
have both Casparian bands and suberin lamellae. Remains of
the endodermis can still be identified in some specimens with
secondary growth, though more rarely than the outer cortex.
Vascular cylinder. The pericycle is composed of several

layers of parenchyma cells. In transverse section, the youngest
roots show isolated protoxylem strands composed of two to
four cells. In slightly older roots, the centripetal maturation of
metaxylem tracheids connects these strands to form an exarch
actinostele (fig. 1B, 1C) with two to seven protoxylem strands.
The smallest protoxylem cells are 6–10 mm in diameter and dis-

Fig. 1 Young roots of Vertebraria. A, Permineralized peat with several young roots in cross section. Slide 23255, scale bar ¼ 500 mm. B, Cross
section of a young diarch root showing outer cortex, empty inner cortex, endodermis, and stele with only primary xylem preserved. Slide 23177,
scale bar ¼ 100 mm. C, Cross section of a young triarch root showing outer cortex, degraded inner cortex, endodermis, and primary xylem. Slide
23189, scale bar ¼ 200 mm. D, Longitudinal section showing outer cortex, endodermis, and stele with primary xylem with spiral thickenings.
Slide 23224, scale bar ¼ 200 mm. E, Detail of the primary xylem tracheids ornamentation in longitudinal section. Slide 23224, scale bar ¼ 20 mm.
c ¼ outer cortex; e ¼ endodermis; ic ¼ inner cortex; x1 ¼ primary xylem; arrowhead ¼ protoxylem; double-headed arrow ¼ possible additional
layer outside the outer cortex.
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Fig. 2 Vertebraria roots with secondary growth. A, Diarch root with secondary xylem wedges, a well-developed periderm, and the remains of
the outer cortex. Slide 23214, scale bar ¼ 500 mm. B, Transverse section of the periderm. Note phelloderm cells on the inner side. Slide 23189,
scale bar ¼ 100 mm. C, Longitudinal section of periderm showing storied cells. Slide 26373, scale bar ¼ 100 mm. D, Triarch root showing the
beginning of secondary growth with secondary vascular tissues (double-headed arrow), periderm, and the remains of the outer cortex. Slide
23252, scale bar ¼ 500 mm. E, Detail of a tetrarch root with well-developed wedges of wood and parenchyma in the lacunae. Slide 23172, scale
bar ¼ 500 mm. F, Triarch root with empty lacunae. Slide 23171, scale bar ¼ 500 mm. G, Tetrarch root with empty lacunae. Note young roots
growing inside the lacunae, which probably happened after deposition. Slide 23165, scale bar ¼ 2 mm. c ¼ outer cortex; l ¼ lacuna; p ¼ periderm;
x1 ¼ primary xylem; x2 ¼ secondary xylem; y ¼ young root; arrowheads ¼ protoxylem.
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play annular to spiral thickenings (fig. 1D, 1E). Metaxylem tra-
cheids are 10–68 mm in diameter. In some specimens with five
and six protoxylem strands, the central part of the axis some-
times forms a pseudopith with metaxylem tracheids separated
by empty spaces that might correspond to degraded paren-
chyma. Primary phloem is rarely preserved and when present is
crushed. In the youngest specimens, where the vascular tissues
are just beginning to differentiate, strands of primary phloem
alternate with protoxylem elements. What is interpreted as
obliterated primary phloem often appears as a distinct dark
zone in axes where secondary growth has begun (fig. 2D).

Development and Anatomy of the Secondary
Cortex (Fig. 2A–2C)

The phellogen differentiates from the pericycle just inside the
endodermis as determined by the remains of endoderm cells pres-
ent just outside the periderm in some young specimens. The
phellogen appears to have functioned before or at the same time
as the vascular cambium since a well-developed (up to 10 cells)
periderm can be identified even in small roots (fig. 2A). In larger
roots, the periderm appears as a thin continuous layer around
the axis (fig. 2G). There is no evidence of lenticels. In transverse
section, periderm cells are larger in tangential than radial diame-
ter (fig. 2B), with size ranges of 10–44 mm and 6–23 mm, re-
spectively. In longitudinal section, these cells are higher than
wide and have a storied aspect (fig. 2C). In the best-preserved
specimens, parenchymatous cells corresponding to the phello-
derm are preserved on the inner side of the periderm (fig. 2B).

Development and Anatomy of the Secondary
Vascular Tissues (Figs. 2–7)

Figure 2D illustrates a triarch root after secondary growth has
been initiated. Tissue development is more conspicuous on one
side of the root, and it is interesting to note that both periderm
and secondary vascular tissue formation is more advanced on
this side. The vascular cambium first appears on the inner side
of each primary phloem strand and begins to produce secondary
xylem elements inwardly and secondary phloem toward the out-
side (fig. 2D). The newly formed wedges of secondary xylem al-
ternate with the protoxylem strands while the regions facing the
protoxylem strands are occupied by parenchymatous cells that
lack a definite arrangement (fig. 2E). The radial growth of the
woody wedges results in the expansion, and in most cases, the
destruction of this parenchymatous tissue. The resulting lacunae
(fig. 2F, 2G) are the most distinctive feature of Vertebraria roots.
In diarch roots, where the mechanical constraints are less impor-
tant, the parenchymatous tissue is sometimes still present after
significant secondary development. In some larger specimens,
the lacunae become closed and a continuous cylinder of wood is
produced in the external part of the root.
Secondary xylem. The secondary xylem is composed of tra-

cheids and uniseriate, parenchymatous rays. There is no evi-
dence of vertical parenchyma. In transverse section, secondary
xylem tracheids are square to polygonal in outline (fig. 3A, 3B).
They have a radial diameter of 7–50 mm, with an average of
25–35 mm, depending on the specimen. Ray cells are typically
ovoid to rectangular, sometimes with opaque contents. In one
specimen (CB447), we observed a zone in which the number of

tangential tracheid rows is locally reduced, giving an hourglass
shape to the rows of secondary xylem tracheids. Specimens with
a sufficient amount of secondary wood display growth rings
(fig. 3A, 3B). They are narrower and often more asymmetric in
the outer part of large roots, especially in the zone just outside
closed lacunae. Some of the rings are interpreted as false rings,
and these are characterized by a few layers of tracheids with re-
duced radial diameters (fig. 4, arrow A). These rings are often
discontinuous. They are present in most of the specimens, even
small ones. Other rings, however, appear to be true rings (fig.
3B; fig. 4, arrow B). They are characterized by a zone of tra-
cheids with uniform diameters and a zone of two to four layers
of tracheids with a significantly reduced (<15 mm) radial diame-
ter. When using Denne’s (1989) formula to calculate the amount
of latewood, our measurements suggest that the decrease in ra-
dial diameter results from a smaller overall cell diameter with
no significant change in wall thickness (fig. 4, arrow B).
In tangential section tracheid walls are always unpitted. Rays

are uniseriate (fig. 3C) or occasionally partly biseriate in the
wood of the largest specimens. The maximum ray height is 10
cells, but in most specimens, rays higher than four cells are ab-
sent. Measurements from three specimens and 180 rays give a
mean height of 1.4 cells, with ;70% of the rays unicellular in
tangential section (fig. 5). The percentage of unicellular rays can
vary slightly between specimens, however. Ray cells are oval in
tangential section and measure 9–23321–35 mm. In radial sec-
tion, secondary xylem tracheids display one to seven rows of bor-
dered pits showing different arrangements. Rarely, the pitting is
uniseriate with circular pits spaced on the wall. In almost all spec-
imens examined, all tracheids exhibit multiseriate pitting, with
pits forming groups of one to five horizontal rows (fig. 3D, 3E).
Pits of two successive horizontal rows are generally alternate.
The pit aperture is slitlike to elliptical, horizontal or slightly ob-
lique, and measures ;5 3 3 mm. Cross-field pits are oval to elon-
gated, sometimes with a scalariform or reticulate aspect (fig. 3F).
Cambium and secondary phloem. In a few well-preserved

specimens, a vascular cambium can be recognized external to the
secondary xylem wedges (fig. 3G). It consists of a few rows of
crushed, thin-walled cells with a reduced radial diameter. Second-
ary phloem is located external to these cells and is often better
preserved than the cambial zone. This tissue is characterized by
rows of radially aligned cells. In transverse section, most cells
have thick walls and appear similar to secondary xylem tracheids,
but these presumed sieve cells are slightly larger and have a more
rounded shape (fig. 6A). A few thin-walled cells corresponding to
parenchymatous, uniseriate phloem rays occur opposite second-
ary xylem rays (fig. 6A). The most peripheral portion of the sec-
ondary phloem is always crushed. In longitudinal section, the
secondary phloem is characterized by elongated cells (fig. 6B)
similar to sieve cells, but no sieve areas have been identified.
Lacunae. The lacunae in the secondary xylem are filled with

large parenchyma cells during the early stages of secondary growth
(fig. 2E) but then become empty as the parenchymatous tissue dis-
sociates during the enlargement of the wedges of wood. In most of
the largest roots, lacunae appear closed in transverse section, and
there is a continuous cylinder of wood formed in the most external
part of the root (fig. 6C). This is not always the case, however, as
in some specimens the xylem wedges may extend up to 7 cm in di-
ameter with no evidence of closing. There is no indication that the
closure of the lacunae can be linked to the root diameter. For ex-
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Fig. 3 Vertebraria secondary xylem and cambium zone. A, Transverse section of the external part of an old root with the secondary xylem
showing rings. Specimen CB447, peel B-CB2, scale in millimeters. B, Detail of a growth ring in an old root with a small amount of latewood.
Specimen CB447, peel B-CB2, scale in millimeters. C, Tangential section of wood showing small, uniseriate rays. Slide 26370, scale bar ¼ 200 mm.
D, Radial section of wood showing multiseriate pitting on the tracheid walls and low rays with cross-field pitting. Slide 26369, scale bar ¼ 200
mm. E, Detail of tracheid pitting. Slide 26369, scale bar ¼ 200 mm. F, Detail of cross-field area showing oval to elongated pits (above). Compare
with tracheid pits (below). Slide 26369, scale bar ¼ 50 mm. G, Transverse section of the end of a xylem arm showing secondary phloem. x2 ¼

secondary xylem; ph2 ¼ secondary phloem. Slide 23189, scale bar ¼ 500 mm.
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ample, we observed two tetrarch specimens with lacunae closing
at, respectively, 7 mm and 20 mm from the center of the axis.
The closure of lacunae takes place by several mechanisms.

One of these is inferred from the observation of large speci-
mens with closed lacunae (e.g., fig. 6C). Although the individ-
ual wedges of wood are enlarging radially toward the exterior,
indicating an enlargement of the corresponding cambial arcs,
the closure of the lacuna happens before the zone where two
adjacent wood wedges would theoretically come in contact. In
these specimens, the lacunae are empty but along the periphery
are two to three rows of parenchymatous cells. The secondary
xylem that will develop between the wedges of wood and
eventually close the lacuna is composed of rows of tracheids
and rays produced by a cambium that initiates in this paren-
chymatous tissue (fig. 6D). Thus, apparently there is a differen-
tiation of the parenchymatous tissue into a vascular cambium,
which completes the cambial cylinder around the axis.
The second mechanism by which lacunae are formed is based

on serial cross sections of a small tetrarch axis in what we inter-
pret as the transition zone between root and stem. This axis is
;3 mmwide and occurs close to a stem of similar size (fig. 6E).
The sections show both a change in the anatomy of the Verte-
braria axis and a connection between this axis and the nearby
stem. The most basal sections show typical Vertebraria anat-
omy, with four wedges of secondary xylem alternating with a
similar number of lacunae. In subsequent sections, we observed
an initial closure of the lacunae by enlargement of the extremity
of the xylem wedges (fig. 4F), resulting in a reduction of the
size of these spaces (fig. 6G) until they completely disappeared.
This specimen illustrates the transition between a Vertebraria-
type axis and an axis with a normal woody cylinder. Contrary
to the first pattern of closure, lacunae here are sealed off when

the two wedges of wood adjacent to the lacuna come in contact
(fig. 6G).

Relative Importance of the Different Tissues (Fig. 7)

To quantify the relative importance of the main tissues at
the different stages of development, their cross-sectional areas
were measured in five tetrarch roots (fig. 7). Root A has only
primary tissues. More than 90% of the root cross-sectional
area (RCA) is composed of the parenchymatous outer (52%
RCA) cortex and degrading inner cortex (40% RCA). The re-
mainder of the surface is occupied by the endodermis and
stele. Root B has well-developed metaxylem but no secondary
vascular tissues, although the periderm is beginning to de-
velop. In this axis, the parenchymatous cortex still represents
69% of the RCA. The secondary cortex is 10% RCA, and the
primary vascular tissues of the stele represent 21% RCA. Root
C (see also fig. 2E) has both periderm and secondary vascular
tissue. The remnants of the outer cortex have been shed. The
lacunae are filled with parenchyma and represent 46% of the
RCA. The remainder of the root cross-sectional area is occu-
pied by the primary and secondary vascular tissues (36%
RCA) and the secondary cortex (18% RCA). Root D (fig. 2G)
shows secondary tissues, and the parenchyma in the lacunae
has been dissociated by the radial growth of the wood wedges.
In this axis, lacunae represent more than half (56%) of the to-
tal RCA, vascular tissues represent 24% RCA, and secondary
cortex 20% RCA. Root E (fig. 6C) exhibits abundant second-
ary tissue development and closed lacunae. In this axis, lacu-
nae represent 20% RCA, vascular tissues 67% RCA, and
secondary cortex 14% RCA.

Branching (Fig. 8)

Lateral roots are produced opposite the protoxylem strands
(fig. 8A–8C) so the vascular connections between parent and
lateral root can typically be seen filling in the lacunae in trans-
verse section of roots with secondary growth. In longitudinal
section, this produces the transverse woody connections cross-
ing the lacunae and producing the typical vertebrae-like aspect
of the genus (fig. 8D).

Fig. 4 Ring analysis in specimen CB 447. Using Denne’s (1989)
formulas, measurements of lumen radial diameter (dark line) and wall
thickness (gray line) or double wall thickness (dotted line) are shown.
The earlywood-latewood boundary is located where either of the wall
thickness lines cross the lumen diameter line. Point A indicates a zone
where tracheid diameters decrease slightly, but there is no latewood,
and diameter subsequently increases. Point B indicates a ring bound-
ary with a small amount of latewood (three tracheids).

Fig. 5 Ray height measured in tangential section (n ¼ 150). All rays
are uniseriate.
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Fig. 6 Secondary phloem anatomy and closure of lacunae. A, Detail of secondary phloem in transverse section with a parenchymatous ray
(white arrow). Slide 23189, scale bar ¼ 100 mm. B, Longitudinal section through phloem. Slide 23174, scale bar ¼ 100 mm. C, Transverse section
of a large tetrarch specimen with lacunae closed at the periphery (arrow). Slide 26367, scale bar ¼ 1 cm. D, Detail of previous section illustrating
the parenchymatous zone on the external border of a closed lacunae. Slide 26367, scale bar ¼ 200 mm. E–G, Closure of the lacunae in a small
specimen. E, Section of the axis with typical Vertebraria anatomy (i.e., lacunate). Note the stem section above. Slide 23204, scale bar ¼ 2 mm. F,
More proximal section showing closing of lacunae. Slide 23208. G, Detail of closed lacunae in F. l ¼ lacunae; p ¼ parenchyma; ph2 ¼ secondary
phloem; x2 ¼ secondary xylem.
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In roots with secondary tissue development, there is a con-
nection of both the primary (fig. 8B) and secondary (fig. 8C)
vascular tissues. The secondary xylem and phloem of the two
adjacent wedges of the parent root are connected to the lateral
root. In most of the observed specimens, a single lateral root is
produced, while, in a few cases, there are apparently two (fig.
8E) or three laterals produced at the same location.

Discussion

Anatomy of Secondary Xylem and Phloem

Walton and Wilson (1932, p. 202) were the first to describe
and to illustrate the presence of secondary xylem in Vertebra-
ria. They described cross-field pits ‘‘similar to those on the ra-
dial walls of the tracheids,’’ i.e., numerous, oval to circular,
and bordered. As a result of this initial report, cross-field pit-
ting has generally been described as consisting of several bor-
dered pits of the araucarioid type (Walton and Wilson 1932;
Sen 1958; Gould 1975). Schopf (1965), however, reported the
occurrence of simple oval pits, and Pant and Singh (1968, p.
423) described ‘‘moderately large oval pits with very slightly
developed borders or none.’’ Our own observations indicate
that the cross-field pitting may be variable in Vertebraria, and
we observed pitting ranging from numerous, circular, bordered

pits to one to three elongated pits with a thin or absent border.
In some specimens, this variation is present within a single
radial section. Cross-field pitting is considered an important
taxonomic character in extant gymnosperm woods (IAWA
Committee 2004) and is also commonly used for Cenozoic
and Mesozoic woods (Philippe and Bamford 2008). In Paleo-
zoic woods, however, this character is not always well docu-
mented, and its systematic implications are rather equivocal.
In this context, it important to underline that both tracheid
and cross-field pitting in our specimens differ from the typical
araucarioid type to which Vertebraria wood has traditionally
been assigned. Because of the variation occurring in a single
specimen, pitting does not seem to be a useful character to in-
vestigate either the possible presence of different species of
Vertebraria or the affinities of Vertebraria with associated
stems or trunks.
Pigg and Taylor (1993) described small leafy axes of Glos-

sopteris skaarensis from the Skaar Ridge locality. The second-
ary xylem of these axes agrees with that of Vertebraria in the
possession of uniseriate rays that are one to a few cells high.
Radial pitting on the tracheids consists of uni- to biseriate bor-
dered pits, either oval and spaced, or hexagonal and crowded.
The cross-field pitting is best described as transitional between
cupressoid and taxodioid. This anatomy is simpler than what
is observed in Vertebraria wood.
The hourglass-shaped zone of secondary xylem tracheids

observed in one of the Vertebraria specimens is comparable
to ones described by Artabe and Zamuner (2007) in corysto-
sperm wood from the Triassic of Argentina. The exact cause
of these structures is unknown. In the absence of any trace of
a wound, this may be the result of a particular cambial activity
in which the number of derivatives in a zone is temporally re-
duced. This structure is not associated with a growth ring or
with the closure of a lacuna.
Secondary phloem of Vertebraria is composed of longitudi-

nally elongated cells with thick walls and rare uniseriate par-
enchymatous rays. The elongate cells are assumed to represent
sieve cells. Studies of phloem anatomy in the Carboniferous
gymnosperms Callistophyton (Russin 1981; Smoot 1984) and
Cordaites (Taylor 1988) showed that although there may be
quantitative differences, the secondary phloem of stem and
root had a similar anatomy. Pigg and Taylor (1993) note the
presence of five to eight cell layers of secondary phloem in
Glossopteris skaarensis, but the poor preservation of this tis-
sue does not allow a comparison to the phloem of Vertebraria.

Growth Rings and Environment

Permian plants from Antarctica grew in an environment
that has no modern analog. With a paleolatitude estimated
from paleogeographical reconstructions (Scotese 2002) to
be between 80� and 85�S, the growing period was constrained
by a strong seasonal light regime (Taylor and Ryberg 2007).
The growth rings present in Vertebraria are characterized by a
small amount of latewood characterized by only two to four
tracheids with a reduced radial diameter and no significant in-
crease in wall thickness. It is significant that anatomically simi-
lar types of rings are present in Araucarioxylon trunks from the
same locality. Taylor and Ryberg (2007) interpreted this type
of ring as demonstrating what must have been a very rapid

Fig. 7 Cross-sectional area of tissues at different stages of growth.
Y-axis ¼ proportion of cross-sectional area occupied by different tis-
sues in five tetrarch roots illustrating different stages of growth. Gray ¼
parenchyma (except lacunae parenchyma if present); black ¼ vascular
tissues; hatched ¼ periderm; white ¼ lacunae. The drawings (not to
scale) correspond to the cross-sectional anatomy of the five roots. A,
B ¼ young roots with no secondary vascular tissues; C–E ¼ roots with
secondary growth. Root diameter: A ¼ 1 mm; B ¼ 2 mm; C ¼ 3 mm;
D ¼ 8 mm; E ¼ 50 mm.
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Fig. 8 Production of lateral roots in Vertebraria. A, Branching in a pentarch root. The vascular trace to the lateral root is occluding the lacuna
on the right. Slide 23182, scale bar ¼ 500 mm. B, Branching in a young triarch root showing primary xylem connection between primary and
lateral root. Slide 23168, scale bar ¼ 200 mm. C, Branching in a diarch root. The secondary vascular tissues of the wood wedges adjacent to the
trace are connected to the lateral root. Slide 23248, scale bar ¼ 500 mm. D, Longitudinal section of axis with secondary growth illustrating how
the vertical continuity of lacunae is interrupted by the traces to lateral roots. It is this aspect that gives Vertebraria a vertebral-like morphology
when found compressed. Note the young roots growing inside the lacunae. Slide 26371, scale bar ¼ 2 mm. E, Transverse section of a root
producing two laterals (arrows) from the same zone. Slide 23256, scale bar ¼ 500 mm. l ¼ lacuna; t ¼ vascular trace to lateral root; y ¼ young
roots; x2 ¼ secondary xylem.
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transition to seasonal dormancy, probably in response to de-
creasing light levels. Although there are very few studies com-
paring growth rhythms in roots and stems of the same plant,
it appears that the cambium of tree roots and trunks can show
comparable annual dynamics but with different intra-annual
dynamics (Thibeault-Martel et al. 2008). In the case of Verte-
braria, the false rings may represent local environmental vari-
ations, such as changes in the water table, while the true rings
may reflect growth rhythms of the whole plant.

Nature and Activity of the Vascular Cambium

There are several examples of extant roots where the second-
ary tissue in the zones facing the protoxylem poles is different
from the remainder of the wood. For example, roots of Actaea
(Ranunculaceae) are well known for possessing wide paren-
chymatous rays that are produced opposite the protoxylem
strands and divide the wood in sectors (Jeffrey 1917). In young
roots of the New Zealand epiphyte Griselinia lucida (Griseli-
niaceae), the cambium facing the protoxylem produces large
rays that separate the secondary xylem into wedges (Dawson
and King 1966; Philipson et al. 1971). In older roots of G. lucida,
the sectors of the cambium that produced these rays no longer
produce parenchyma, and the rays are replaced by ‘‘normal’’
xylem. This situation is apparently comparable to what we ob-
serve in Vertebraria, with the presence of wedges of wood sep-
arated by parenchyma and a transition to a complete cylinder
of wood in older roots. The anatomy and formation of the lacu-
nae, however, seem incompatible with the idea of a continuous
cambium that produces different derivatives. First, the paren-
chyma present in the lacunae of medium-sized roots (e.g., fig.
2C) is never radially aligned like the parenchyma produced by
the cambium in extant roots (and stems) with distinct deriva-
tives. Second, the parenchyma in Vertebraria is stretched and
destroyed during the radial growth of the wood spokes, while
parenchyma produced by a continuous cambium has a growth
rate comparable with that of the woody sectors. These two
observations imply that there are no cambial derivatives in the
areas corresponding to the lacunae.
Developmental studies of extant plants show that the vascu-

lar cambium in roots typically appears first as a discontinuous
layer located on the inner side of the primary phloem strands,
in between the arms of primary xylem; secondary growth be-
gins in these zones (Esau 1965). The cylinder of cambium is
then completed by the differentiation and division of pericycle
cells around the ends of the arms of primary xylem. This forms
a smooth cylinder very early in development, and the areas fac-
ing the protoxylem strands are usually indistinguishable from
the remainder of the axis. In some cases, they can be character-
ized by a small empty space corresponding in radial diameter to
a few secondary xylem tracheids. On the basis of this informa-
tion, it is easy to envisage how the typical structure of Vertebra-
ria might have formed by simply extending the duration of the
discontinuous cambium stage of development. A discontinuous
vascular cambium in Vertebraria was first suggested by Neish
et al. (1993). Our observations suggest that the earliest, discon-
tinuous stage of cambial activity in Vertebraria persisted for a
longer period of time than seen in other extant or fossil roots.
The presence of growth rings in Vertebraria roots shows that
the cambium remained discontinuous through several growth

seasons and, based on the number of larger roots studied, prob-
ably through most of the life of some roots.
It has been suggested that the closing of the lacunae was the

result of the enlargement of adjacent wedges of wood that fi-
nally came into contact (Neish et al. 1993). While this pattern
has been observed in one specimen from Skaar Ridge, it is ap-
parently linked to the anatomical changes related to the tran-
sition between root and stem. In other specimens with closed
lacunae, closure took place before the wedges of wood were
enlarged sufficiently to come in contact. This gives the exter-
nal border of the lacunae a truncated shape instead of the
pointed shape that would be produced if two adjacent wedges
came in contact. Moreover, the enlargement of wood wedges
could be very slow, and some specimens show up to 50 radial
layers of secondary tracheids with almost no lateral enlarge-
ment. This suggests that there was no rapid enlargement of
the cambial arcs.
The closing of the lacunae is thus apparently the result of

the differentiation of a cambial zone, which produces vascular
tissue from the parenchyma cells bordering the lacunae. This
zone connects with the adjacent wedges to form a continuous
cylinder. The existence of such a phenomenon was initially hy-
pothesized by Schopf (1965) but was not described in detail or
illustrated. Nevertheless, the origin of these parenchymatous
cells remains unidentified. In extant plants, a new vascular cam-
bium can originate in the phelloderm (e.g., in Welwitschia;
Carlquist and Gowans 1995). New well-preserved specimens
of Vertebraria showing the earliest stage of closure of the lacu-
nae are now needed to investigate the possible existence of a
similar origin of these cells in Vertebraria.

Tissue Repartition and Possible Role(s) of the Lacunae

As noted by previous authors, the lacunae in Vertebraria
were apparently empty at maturity, except for the parenchyma-
tous cells along the outer border. Plants growing in wetlands
and waterlogged soils are often characterized by roots with an
aerenchymatous primary or secondary cortex (Kozlowski
1997; Seago et al. 2005). This anatomy apparently provides for
circulation of air in the axis. On the basis of this model, the la-
cunae of Vertebraria have been interpreted as a system of air
circulation channels through an underground root system
growing in an anoxic environment (Gould 1975). To function
in such a system, there are several prerequisites: (1) the lacunae
would have to be airtight; that is, there would be no diffusion
of air through the cortex/periderm; (2) when traces to lateral
roots are produced, which cross the lacunae, longitudinal air
circulation would have to be maintained; and (3), the lacunae
of the roots would have to be connected to air-conducting tis-
sues in aerial parts of the plant. Since there is no evidence that
all these conditions are met in Vertebraria, the aeration aspect
of the lacunae must be considered with caution.
The analyses of the root cross-sectional area show that until

the lacunae close most of the root is composed either of paren-
chymatous or empty zones. In the absence of lacunae, the vas-
cular tissues would theoretically represent more than 80% of
the cross-sectional area in Vertebraria roots with secondary
growth. With lacunae present, however, this percentage is sig-
nificantly lower (<50%) in medium-sized roots in which the
lacunae are not closed. Thus, there is a trade-off between the
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presence of large lacunae, possibly facilitating growth in an-
oxic or oligoxic conditions, and both hydraulic conduction
and mechanical stiffness of the axes. The reduction in hydrau-
lic conduction could be a factor limiting the capacity of the
plants to grow in dry environments. It is also interesting to
note that in extant plants the alternation of parenchymatous
and woody sectors is usually found in lianas and some aerial
roots (such as those of Griselinia lucida; see Dawson and King
1966). Current evidence indicates that all Vertebraria axes were
probably roots. Even the largest specimens, where the primary
vascular anatomy is not preserved, exhibit branching typical of
roots. Moreover, there is some evidence of anatomical connec-
tion between Vertebraria and axes with a typical stem anatomy.
However, we cannot exclude the possibility that Vertebraria
roots were partly aerial.

Future Directions

From the evidence that has been assembled to date, it is
clear that the genus Vertebraria represents roots with a highly
unusual anatomy. Its characteristics are not so peculiar, how-
ever, if we consider that the vascular cambium of these roots
remained discontinuous longer than in any other roots. The
study of the specimens from Skaar Ridge provides some new
information on Vertebraria but also raises some developmen-
tal questions that need to be addressed in future investigations
as specimens become available. First, what are the factors af-
fecting the activity of the vascular cambium in Vertebraria,
and more specifically, what developmental or environmental
triggers initiate closing of the lacunae? As noted in the descrip-
tion, the closure of the lacunae does not seem to depend on the
diameter of the axis, as some large specimens have unclosed
lacunae. Cambial activity could be influenced by changes in
environmental factors during growth. The presence of the la-
cunae may have facilitated gas transport but produced flexible
axes with reduced hydraulic capacities. Each of these charac-
teristics could have been regulated by changes in the aeration,

water content, or mechanical properties of the substrate in
which Vertebraria roots were growing. Although the material
described here is from a fossilized peat swamp, Vertebraria
and Glossopteris have been found in a variety of depositional
environments (Cúneo et al. 1993).
Second, evidence of an anatomical connection between Ver-

tebraria and an axis bearing Glossopteris leaves is still lacking
in the material from Skaar Ridge. Evidence from association
seems reasonable, since glossopterid remains are by far the
most abundant in the locality and similar associations are well
documented throughout Gondwana (Pigg and Nishida 2006).
It is still questionable, however, whether all Glossopteridales
had Vertebraria-type roots. The presence at Skaar Ridge of two
species of Glossopteris leaves (Pigg 1990) and at least three
types of ovules indicates that the Glossopteridales were a di-
verse group. Yet, it is not possible to distinguish several types
of Vertebraria roots in the material we examined. There are
some gymnosperm roots in the Skaar Ridge material without
lacunae (‘‘solid-cylinder Vertebraria’’ of Neish et al. 1993).
These roots are far less abundant than Vertebraria and gener-
ally occur in small clusters. Investigations of the architecture
of Vertebraria root systems at a larger scale would be expected
to clarify connections to distinct types of stems and the rela-
tionship of the typical root to the solid-cylinder type. In any
case, the possession of a specialized rooting system in one or
all representative of the group should be taken into account in
future investigations of the success of glossopterid gymno-
sperms during the Permian and of their extinction in the Late
Permian–Early Triassic.
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