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Well-preserved  specimens  of Stauropteris  oldhamia  are  described.  The  material  was  col-
lected  in  the  early  1920s  from  the  Lower  Westphalian  (Early  Pennsylvanian)  Saurue  seam
from Belgium.  The  fossil  plants  occur  as  permineralized  axes  fragments  within  a coal  ball.
This  study  confirms  most  of  the  interpretations  made  by  previous  researchers.  The  obser-
vation of  immature  axis  however  suggests  a less  regular  organization  than previously
interpreted  beyond  the three  first  branching  orders.  We  also  highlight  the presence  of  pro-
fusely and  dichotomously  branched  aphlebiae,  the lack  of  laminate  organs  as  well  as  the
presence  of  hypodermal  aerenchyma  in  all  plant  parts.  We  interpret  these  features  as  part
of  a very  specialized  assimilatory  apparatus  indicating  an  adaptation  to a  humid  swamp
environment.

©  2014  Académie  des  sciences.  Published  by  Elsevier  Masson  SAS.  All  rights  reserved.
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Nous  décrivons  ici  des  spécimens  bien  préservés  de Stauropteris  oldhamia.  Ils ont  été  collec-
tés dans  les  années  1920  dans  la  veine  Saurue  du  Westphalien  inférieur  (Pennsylvannien
précoce)  de Belgique.  Les  fossiles  végétaux  sont  trouvés  perminéralisés  dans  des  coal-balls.
Ce  travail  permet  de  confirmer  la  plupart  des  interprétations  faites  par  d’autres  auteurs.
Cependant,  l’observation  d’axes  immatures  suggère,  au-delà  des  trois  premiers  ordres  de
ramifications,  une  organisation  moins  régulière  qu’habituellement  proposée.  Nous  mettons
aussi en évidence  la  présence  d’aphlébies  densément  dichotomes,  l’absence  d’organe  plan
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ainsi  que  la présence  d’un  hypoderme  aérenchymateux  dans  toutes  les  parties  de  la  plante.
Nous  interprétons  ces  caractéristiques  comme  faisant  partie  d’un  appareil  assimilateur  très
spécialisé  indiquant  une  adaptation  à un  environnement  marécageux  humide.

émie  d
©  2014  Acad

1. Introduction

The Stauropteridales are a group of Palaeozoic (Late
Devonian–Carboniferous) ferns that include small herba-
ceous plants with a four-lobed xylem strand and a
quadriseriate (branches borne alternately in pairs) or bis-
eriate (branches borne in two rows) branching; all lack
planated appendicular organs. The order is currently repre-
sented by the genera Stauropteris Binney (1872), Gillespiea
Erwin and Rothwell (1989), Rowleya Long (1966) and
putatively Multifurcatus Wang (2003). Stauropteris was for-
merly classified within the coenopterid ferns (Andrews and
Boureau, 1970; Eggert, 1964). Subsequent authors however
treated the Stauropteridales as a distinct group demon-
strating an early stage in the evolution of the frond (e.g.,
Taylor et al., 2009). This was strongly supported by phylo-
genetic analyses (Corvez, 2012; Rothwell, 1999; Rothwell
and Stockey, 2008).

The genus Stauropteris Binney, 1872 is characterized by
a three-dimensional branching pattern, a slightly asym-
metric cruciate protostele and the presence of vascularized
aphlebiae that subtend branches (Cichan and Taylor, 1982).
What kind of organ the whole branch system of Stauropteris
represents (stem, frond?) is still unknown. The genus cur-
rently includes four species: the homosporous S. oldhamia
Binney (1872) is the type-species; it shows a quadrise-
riate branching pattern; S. burntslandica (Bertand, 1909)
and S. berwickensis (Long, 1966) have also a quadriseri-
ate branching pattern but are heterosporous. The fourth
species, S. biseriata (Cichan and Taylor, 1982), exhibits a
biseriate branching pattern; its reproductive biology is
unknown. The inclusion of the species americana in the
genus (Darrah, 1941) has been questioned (Cichan and
Taylor, 1982) because the four-lobed stele was  not docu-
mented.

Here we describe well-preserved permineralised spec-
imens of Stauropteris oldhamia, from a Lower Westphalian
(Lower Pennsylvanian) locality of Belgium. The specimens
allow for a better understanding of the plant organization
and anatomy. New information is also provided on early
ontogenetic stages and the development of branches (N + 1
and N + 2 axes).

2. Material and methods

This study is based on a single coal ball collected by
Pr. X. Stainier and later reported by Pr. S. Leclercq (Leclercq,
1935; Stainier, 1924). It was collected from the Saurue
seam in the Violette colliery, a lateral equivalent of the

well-known Bouxharmont seam of the Werister colliery
(Holmes and Fairon-Demaret, 1984; Leclercq, 1935). Both
collieries are situated close to Liège, Belgium. The Saurue
seam (Violette), synonymous with the Bouxharmont seam
es  sciences.  Publié  par Elsevier  Masson  SAS.  Tous  droits  réservés.

(Werister) and with the Grande Veine d’Oupeye seam
(Cheratte) has been attributed to the Lower Westphalian
A/Langsettian stage (Lower Pennsylvanian) based on the
occurrence of the ammonoid Gastrioceras listeri Sowerby
(Chaudoir et al., 1952; Lambrecht et al., 1956; Lhoest et al.,
1960).

The coal ball is numbered ULg-1007 and housed in the
paleobotany collections of the University of Liège. It con-
tains a dense mass of about 10 specimens of Stauropteris
oldhamia. This coal ball was  13 cm long and has been cut
into eight slices. A total number of 1080 cellulose acetate
peel sections have been prepared by S. Leclercq using the
original liquid peel technique (Walton, 1928) as well as the
rapid peel technique (Joy et al., 1956).

The following description refers to the branching pat-
terns with special focus on the apical parts of one selected
specimen. This specimen was  selected as it is the only one
showing an immature development stage. More than 600
peel sections were selected for detailed observation.

The attribution of the specimen to the species
S. oldhamia is supported by the occurrence of a quadris-
eriate branching pattern, by the presence of central
parenchyma separating the four primary xylem lobes in
N axes (see below for branch-order terminology), of very
divided aphlebiae and of an aerenchymatous hypodermis,
all features formerly recognized by Bertrand (1909) and
Chaphekar (1962).

3. Results

3.1. Branching and xylem anatomy

Six axis orders are present among the studied material.
It is impossible to reliably assess whether the most prox-
imal and largest axis is the main stem or not. Considering
this, we choose to name N the most proximal observed axis
order, and N + 1, N + 2, etc. the subsequent axis orders. In
transverse section, all the axes appear round to oval in out-
line. Lower-order axes include a four-lobed xylem strand,
with phloem located between the xylem arms. Two  planes
of symmetry can be distinguished (Fig. 1A). The main plane
of symmetry, referred to as the primary plane of symmetry
(PPS, Fig. 1A and D) passes through the two main phloem
groups. The secondary plane of symmetry (SPS) is perpen-
dicular to the first; it determines the direction of departure
of paired N + 1 axes, which are given off alternately.

The diameter of the basalmost axes (N-order) ranges
from 3 to 5 mm  along both planes of symmetry. They
present a stele (about 2 mm in size, elongated in the PPS)

composed of four lobes (Fig. 1A and D). The latter are
arranged crosswise and separated by parenchyma in the
central area. The xylem includes tracheids with a larger
diameter toward the centre of the stele and tracheids with
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 smaller diameter in the outer region. The largest tra-
heids are interpreted as metaxylem, and the smallest as
rotoxylem. At least four protoxylem strands are present
arrows, Fig. 1D).

The protoxylem is slightly mesarch and located near the
ip of each lobe. Phloem occurs in the bays between xylem
obes. The larger phloem clusters occur along the PPS and
re characterized by 4 to 7 (30 to 50 �m in diameter) cells
PH, Fig. 1D) which may  represent sieve cells. Smaller, and
ften less well preserved, phloem clusters occur along the
PS and consist of only 2 to 4 (30 to 20 �m in diameter)
ells. The pattern of emission of traces to the N + 1 axes
onforms to previous descriptions; departing traces of two
xes N + 1 are first visible within the cortex (tN + 1 A and
, Fig. 1A). In addition, two small traces (tAP A and B) are
lso present; they arise very proximally from the traces of

 + 1 axes. They belong to organs traditionally referred to
s aphlebiae. These aphlebiae are profusely branched, more
r less dichotomous, and nearly 1 cm long; they have been
artially reconstructed in Fig. 3.

N + 1-order axes are significantly smaller than N-order
xes. They range from 2.3 mm to 3.2 mm in diameter
Fig. 1B and C). They possess a massive tetrarch xylem
trand without central parenchyma. Like in N axes, the pro-
oxylem occurs at the tips of the metaxylem lobes and the
hloem is located between the xylem arms. The departing
races of two N + 2 axes are visible within the cortex (Fig. 1B)
s well as one aphlebia (AP). Fig. 1C corresponds to a more
istal section of the same N + 1 axis; it illustrates the coales-
ent base of one pair of N + 2 axes as well as the departing
races of the subsequent/second pair of N + 2 axes, in an
lternate arrangement.

The N + 2 axes measure 1.1 to 1.6 mm in diameter and
re structurally almost the same as to those of the branches
f previous orders. However, they present a subtriangu-
ar xylem strand but four protoxylem poles are still visible
Fig. 1E). Quadriseriate branching with the occurrence of
asal aphlebiae is characteristic of these axes as docu-
ented by Bertrand (1909, plate VI, 32–33).
A more important change in xylem shape occurs in more

istal branches. N + 3 axes (Fig. 1F–G) are much smaller in
ize, ranging from 1 × 0.8 mm to 0.5 × 0.3 mm,  and they
ossess small triangular xylem strands. However, these
mall axes produce alternate pairs of N + 4 axes with a
inute trace; this feature was documented by Bertrand

1909, plate VI, 37) and Chaphekar (1962, fig. 4).
Subsequent branching orders (N + 4 and N + 5 axes)

how a general decrease in overall dimensions, as well
s a strong diminution of xylem strand complexity that
s progressively reduced to a small number of tracheids
Fig. 1F and G). Branching of these distal axes is dichoto-

ous (iso- or anisotomous). We  consider that the smallest
xes (about 0.1 mm in diameter) correspond to the ulti-
ate axis orders (Fig. 1H). Due to their similar size and

natomy, it is impossible to distinguish the distalmost axes
rom ultimate branches of aphlebiae.
.2. Cortical anatomy

The cortical tissues are very well preserved in all orders
f axes. The inner cortex is a parenchymatous ground
evol 13 (2014) 473–481 475

tissue consisting of cells decreasing in diameter toward the
periphery (Fig. 1A, B, E and F). The outer cortex, darker in
colour, is composed of smaller and, more sclerotic, thick
walled cells. This cortical zonation is observed in axes of
orders N to N + 3. By contrast, the more distal axes (N + 4
and N + 5) lack the sclerified zone (Fig. 1G–I).

In all branching orders, the periphery of the cortex
is occupied by a narrow zone of spongy parenchyma
composed of elongate and thin-walled cells separated by
large intercellular spaces; it directly underlies a promi-
nent epidermis (Fig. 1E, J–K). We  interpret this tissue as
a hypodermal aerenchyma. The development of this tis-
sue causes folding and wrinkles of the axis surface (Fig. 1A,
E, J). The aerenchyma, though reduced to a single cell
layer, is also visible in the distalmost axes as confirmed
by the longitudinal section, (Fig. 1I). The epidermal cells
are square or rectangular in transverse section, measur-
ing about 20 × 20 �m (Fig. 1E, H–K). Such epidermal cells
are present even in the smallest axes. The stomata, similar
to those illustrated by Bertrand (1909), have been rarely
observed and only in ultimate axis order and aphlebiae.

3.3. Growth pattern and apical region

We  were able to follow and reconstruct an N + 1 axis
from its departure from an N axis to its tip (Figs. 2 and 3).
It measures slightly more than 3 cm long and bears alter-
nately two  successive pairs of n + 2 laterals with aphlebiae
(Fig. 2). Proximally, this axis measures about 1 mm in diam-
eter. The first branching occurs at about three centimetres
from the N axis. The attachment of one pair of N + 2-order
axes is illustrated in Fig. 2A, where the section is slightly
oblique. The two  vascular strands of the N + 2 axes are vis-
ible within the cortex, together with the corresponding
pair of aphlebia traces (tAP). The transverse section of the
N + 1 axis becomes circular just after emission (Fig. 2B).
Unexpectedly, the backward oriented apical region of the
same N + 1-order axis can be seen on the right (arrow,
Fig. 2B) near one branched aphlebia. A series of longitu-
dinal oblique sections of the apical region of the N + 1 axis
can be seen on Fig. 2C–E. These peels demonstrate the con-
nection between the two  regions of the curved N + 1 axis.
Vascularization is visible nearly up to the apex. However,
the poor preservation prevents any detailed description of
the topmost apical region. We notice the presence of an
irregular surface at the lateral left side of this backward
oriented apex (arrows, Fig. 2D). This may  represent poorly
preserved primordia of N + 2 axes to be borne distally. The
two (proximal and distal) regions of the vascular strand
are first visible side by side (vN + 1, Fig. 2E), and then con-
nected (Fig. 2F). The tracheids are cut more longitudinally
indicating that this section is located within the fold of
the curved axis. The Fig. 2G illustrates a section situated
higher within the fold and a single vascular strand is vis-
ible. This figure shows also the common base of a second
pair of N + 2 axes. These downward oriented axes are free in
Fig. 2F; they are very small, as expected in immature axes;

however they are occurring on the expected side. This is
an unconventional position considering that the preceding
emission of the first pair of N + 2 axes occurred on the same
side (Fig. 2A). Indeed, the typical quadriseriate branching of
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tauropteris corresponds to the alternate emission of paired
xes as illustrated in Fig. 1C. The apparent attachment of the
wo successive pairs of N + 2 axes on the same side results
rom the strong curvature of the top of the N + 1 axis and
f the displacement of the second pair of N + 2 axes. This is
onfirmed by the ultimate sections of the series within the
ecurved left side of cortex. On the Fig. 2H, the two vascular
races of the N + 2 axes are the only ones present in the cor-
ex; they are cut longitudinally through this curved cortical
ide. Beyond this level, only smaller and smaller tangential
ections of the cortical region are visible and the top of the
urve is reached at Fig. 2I. We  provide on Fig. 3 the detailed
econstruction of a portion of S. oldhamia where one large N
xis is bearing a pair of N + 1 axes with their basal aphlebiae.
ne N + 1 axis was fully developed (about 3 cm long) up to

ts first ramification, i.e. the level of attachment of the first
air of N + 2 axes with corresponding aphlebiae. Beyond
his point, the N + 1 axis measures only about 0.5 cm long
p to its apical region; it shows the attachment of a second
air of typically immature and displaced N + 2 axes, then

t terminates as an attenuated conical apex. Information
bout the morphology and eventual branching of the first
air of N + 2 axes is missing.

. Discussion

.1. Morphological organisation of Stauropteris oldhamia

In this paper, we confirm the distinctive organization
f the plant comprised of 6 successive orders of axes,
anging in diameter from 5 mm to 0.1 mm.  The vascular sys-

em also decreases in size and complexity from four-lobed
ylem strands to very small terete strands in the termi-
al axes. S. oldhamia is here interpreted as an orthotropic

ig. 1. (Colour online). Sections showing the anatomy of different orders of axes
pecimen ULg-1007. A. Transverse section of a N-order axis; the departing traces o
races  (tAPa-b). The two planes of symmetry (PPS and SPS) are indicated. Scale b
eparting traces of two  N + 2 axes (tN + 2a-b) are visible on the right within the 

ar  = 1 mm.  C. More distal section of the same axis showing, on the top, the com
eparting traces of a second pair of N + 2 axes are visible on the bottom. Scale = 1
ystem  with protoxylem strands (arrows) and central parenchyma (Pa) occuring b
cale  = 1 mm.  E. Partial transverse section of a N + 2 axis showing the simplified, ne
he  periphery, the aerenchyma and the well-preserved epidermis are present. A sm
ection  of a N + 3 axis showing the triangular xylem strand and small ultimate a
istalmost branching orders (N + 3, N + 4 and N + 5). Note the reduction in size a
N  + 5). Scale = 100 �m.  H.  Detail of one distalmost axis (N + 5 order). Note the occ
imilar  distalmost axis showing the central vascular strand (v), the cortex (c), hypo
f  the periphery of a N + 1 axis showing the presence of the well-preserved hyp
ection, detail of the periphery of a N + 3 axis showing the presence of the well-pr
ig. 1. (Couleur en ligne). Coupes montrant l’anatomie des différents ordres d’axe
upille  [Liège]). Spécimen ULg-1007. A. Section transversale d’un axe d’ordre N ; le
insi  que deux traces d’aphlébies (tAP a–b). Les deux plans de symétrie (PPS et SPS
’un  axe d’ordre N + 1 ; les traces de deux axes N + 2 sont visibles dans le cortex
ontrant, au sommet, la base commune de deux axes N + 2 en cours d’individua

isible  à la base. Échelle = 1 mm.  D. Détail de la partie A montrant l’organisatio
flèches) et le parenchyme central (Pa) présent entre les lobes de métaxylème. Un
ransversale partielle d’un axe N + 2 montrant le faisceau vasculaire simplifié, pres
ériphérie, l’aérenchyme et l’épiderme bien préservé sont présents. Un petit axe N
’un  axe N + 3 montrant un xylème triangulaire et de petits axes ultimes. Échelle
rdres  de ramifications les plus distaux (N + 3, N + 4 et N + 5). Notez la présence d’u
otez  la présence d’un stomate (flèche). Échelle = 100 �m.  I. Coupe longitudinale d’

c),  l’hypoderme (h) et l’épiderme (e). Échelle = 200 �m.  J. Coupe transversale, déta
ien  préservé. Échelle = 50 �m.  K. Coupe transversale, détail de la périphérie d’un
réservé et de l’épiderme. Échelle = 50 �m.
evol 13 (2014) 473–481 477

photosynthetic axis bearing determinate lateral branches,
the whole exhibiting a bilateral symmetry. Due to the lack
of information on the basalmost/proximal region (includ-
ing roots), it is suggested that the monotypic Stauropteris
assemblage contained in the studied coal ball was trans-
ported, and represented only the aerial part of the original
plant. Actually, we  failed finding evidence of attachment
of the largest (N-order) axes either to any rooting organ,
or to a plagiotropic shoot and we  are reduced to specu-
lation about general morphology of the plant. In the last
hypothesis, S. oldhamia with its orthotropic photosynthetic
branching system, could be compared to the living Psilo-
tum which is sometimes viewed as a “living rhyniophyte”
(Bierhorst, 1971), an interpretation challenged by Kaplan
(2001) who considered that the simplified nature of the
leaf of Psilotum is suggestive of an evolutionary reduction
rather than an enation homology. S. oldhamia is however
clearly distinct from Psilotum in its repetitive quadriseri-
ate branching system of bilaterally symmetrical axes and
in the absence of any small foliar organ. Nevertheless, due
to the lack of information concerning a number of charac-
ters, the stauropterids appear as a basal clade of ferns, near
the “trimerophytes” and the Psilotophytes, in some recent
phylogenies (e.g., Rothwell, 1999).

An alternative interpretation is to consider S. oldhamia
and the other stauropterids as demonstrating initial stages
in the evolution of the leaf (of which the parent stem
remains unknown). Emberger (1968) distinguished “Phyl-
lophorées” ferns characterized by fronds, either entirely
cauline (Holophyllophorées = stauropterids) or partially
cauline (Hétérophyllophorées = e.g. zygopterids and Rha-

cophyton). In stauropterids, all successive divisions of the
frond possessed at least two planes of symmetry (bilat-
erality) but they were not dorsiventrally symmetrical;

 in Stauropteris oldhamia (Saurue seam, Violette colliery, Jupille [Liège]).
f two  N + 1 axes are visible within the cortex, with accompanying aphlebia
ar = 2 mm.  B. Slightly oblique transverse section of a N + 1-order axis; the
cortex, as well as the trace of one aphlebia (tAP) sectioned twice. Scale
mon base of two  N + 2 axes while individualized from the N + 1 axis. The

 mm.  D. Detail of A showing the four-lobed organization of the vascular
etween the metaxylem lobes. Prominent phloem strands (PH) are visible.
arly triangular, vascular bundle with six protoxylem strands (arrows). At
all N + 5 or distalmost axis (A) is associated. Scale = 500 �m.  F. Transverse

xes at left. Scale = 1 mm.  G. Transverse section through axes of the three
nd simplification of the vascular strand from triangular (N + 3) to terete
urrence of a stomata (arrow). Scale = 100 �m.  I. Longitudinal section of a
dermis (h) and epidermis (e). Scale = 200 �m.  J. Transverse section, detail
odermal aerenchyma and of the epidermis. Scale = 50 �m. K. Transverse
eserved aerenchyma and of the epidermis. Scale = 50 �m.
s dans Stauropteris oldhamia (veine de Saurue, charbonnage de la Violette,
s traces vasculaires de deux axes d’ordre N + 1 sont visibles dans le cortex,
) sont indiqués. Échelle = 2 mm.  B. Coupe transversale légèrement oblique

 (tN + 2a–b). Échelle = 1 mm.  C. Coupe plus distale au sein du même  axe
lisation de l’axe N + 1. La trace de départ d’une seconde paire de N + 2 est
n des quatre lobes du cylindre vasculaire avec leurs traces vasculaires

 important faisceau de phloème est visible (PH). Échelle = 1 mm.  E. Coupe
que triangulaire, mais présentant six pôles de protoxylème (flèches). À la

 + 5 (le plus distal) est présent (A). Échelle = 500 �m. F. Coupe transversale
 = 1 mm.  G. Coupe transversale au travers d’axes correspondant aux trois
n stomate (flèche). Échelle = 1 mm.  H. Détail d’un axe ultime (ordre N + 5).
un axe distal similaire montrant le faisceau vasculaire central (v), le cortex
il de la périphérie d’un axe N + 1 montrant l’hypoderme aérenchymateux

 axe N + 3 montrant la présence d’un hypoderme aérenchymateux bien
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Fig. 2. (Colour online). Serial sections through the apical region of a N + 1 axis of Stauropteris oldhamia. Specimen ULg-1007. All at the same magnification;
scale  bar = 1 mm.  A. Oblique transverse section of the N + 1-order axis; the departing traces of two  N + 2 axes are visible on the right within the cortex as
well  as those of the corresponding aphlebiae (tAP). B. The same N + 1 axis just after emission showing a more rounded section. The backward oriented
apex  of the same N + 1-order axis can be seen at arrow. A part of one branched aphlebia (AP) is also present. C–F.  Series of longitudinal oblique sections
demonstrating the connection between the proximal and apical regions (A) of the curved N + 1 axis. The sections of vascularizations from the two levels are
first  visible side by side (E) and they progressively connect (F). Two  immature N + 2 axes (arrows, F) are oriented downwards. G. Transverse section situated
within  the fold and showing the recurved vascular strand. The common base of a pair of immature N + 2 axes is visible on the right. H–I.  Ultimate sections
of  the series, situated within the top of the recurved left side of cortex; the pair of vascular traces to N + 2 axes (arrows, H) are visible.
Fig. 2. (Couleur en ligne). Coupes sériées au sein de la région apicale d’un axe d’ordre N + 1 de Stauropteris oldhamia. Spécimen ULg-1007. Échelle = 1 mm.
A.  Coupe transversale oblique de l’axe d’ordre N + 1 ; les traces de départ de deux axes N + 2 sont visibles sur la droite, dans le cortex, ainsi que les aphlébies
correspondantes (tAP). B. Le même  axe N + 1 juste après émission montrant une section plus circulaire. L’apex de ce même axe d’ordre N + 1, mais orienté
vers  le bas, est indiqué par une flèche. Une partie d’une aphlébie ramifiée est aussi présente (AP). C–F.  Série de coupes longitudinales obliques démontrant
la  connexion entre la partie proximale et la région apicale de l’axe N + 1 courbé (A). Des coupes au sein des vascularisations de l’axe aux deux niveaux sont
visibles  côte à côte et se connectent progressivement (F). Deux axes immatures N + 2 sont orientés vers le bas (flèches, F). G. Coupe transversale située au
niveau de la courbure et montrant le faisceau vasculaire recourbé. La base commune de la paire d’axes N + 2 est visible sur la droite. H–I.  Coupes ultimes de
la  série, situées dans le sommet de la partie gauche de l’axe recourbé ; une paire de traces vasculaires de l’axe N + 2 (flèches, H) est visible.
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Fig. 3. Restitution of the specimen in Fig. 2, showing the recurved distal
axis  segment. Scale bar = 500 �m.
Fig. 3. Reconstitution du spécimen de la Fig. 2 montrant le sommet d’un
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It consists of a particular photosynthetic pathway related
to aquatic CAM photosynthesis (Keeley, 1998). In this
egment d’axe distal recourbé. Échelle = 500 �m.

urthermore, as stated above, information on an eventual
tem bearing the Stauropteris frond is missing. In contrast,
ygopterids showed a clear-cut distinction between the
arent stem and helically arranged fronds with a regular
hyllotaxis. This is supported by anatomical data: stems
ad a radially symmetrical protostele while the petiole
= phyllophore) possessed two planes of symmetry per-
endicular to each other; therefore this organ was not
orsiventrally symmetrical, in contrast to all the higher
rder rachides. It is now accepted that zygopterids pro-
ided some of the best-documented series of evolutionary
rocesses leading to the megaphyll, even if they did not
volve a fully dorsiventral leaf (Galtier, 2010; Phillips
nd Galtier, 2005). The zygopterid leaf showed a funda-
ental step toward the acquisition of the dorsiventrality

cf. Kaplan, 2001) or adaxial/abaxial identity (= “abdaxity”
haracter of Corvez et al., 2012), which is yet absent in
he phyllophore but present in the next-order rachises
f zygopterids. Abdaxity, as defined from leaf traces with
baxial protoxylem in seed plants but adaxial protoxylem
n ferns (Galtier, 2010), allows characterizing the mega-
hyll of most Euphyllophytes. By analogy with the situation

n zygopterids, it is our opinion that the aerial branch-
ng system of Stauropteris may  represent a leaf precursor
n which the proximal (N to N + 3) axes show a bilateral
ymmetry; however, the generalized absence of abdaxity
s indicative of a less advanced stage in the evolution of
he frond than in zygopterids and even in rhacophytaleans
here abdaxity is only absent in the two most proximal

rders of axes of the frond.
Due to their anatomical and morphological particulari-

ies, the affinities of Stauropteridales have been and remain
atter of debate. In earliest discussions, Stauropteris was

lassified within the zygopterid ferns (Bertrand, 1909) and
ater included within the Coenopteridales (Andrews and
oureau, 1970; Eggert, 1964). The latter group is now
nown to be paraphyletic. Stauropteridales are more accu-
ately treated (e.g., Taylor et al., 2009) as a distinct group,
ear the Rhacophytales and the Zygopteridales, demon-

trating a different early stage in the evolution of the frond.
his is confirmed by a recent phylogenetic analysis (Corvez,
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2012) whilst stauropterids appear as a basal clade near the
Psilotophytes in other analyses (e.g., Rothwell, 1999).

4.2. Ecological adaptation

Of particular interest is the occurrence, in S. oldhamia,
of an aerenchymatous hypodermis and of a prominent epi-
dermis in all branching orders. We  confirm the presence of
stomata as previously mentioned by Bertrand (1909) and
Chaphekar (1962). In the absence of any laminate organ,
we interpret the hypodermis as necessary to the assim-
ilatory function, which suggests that photosynthesis was
occurring in all orders of axes.

It is certainly significant that the aerenchymatous hypo-
dermis is absent from the older S. burntislandica found
in volcanic environments of Pettycur (Bertrand, 1909;
Surange, 1952) and of the Roannais (Galtier, 1971). Such
a hypodermis has been occasionally mentioned in other
representatives of the genus. In S. berwickensis, from both
volcanic and fluviatile environments (Scott and Galtier,
1996) the occurrence of this tissue was  suggested but not
illustrated by Long (1966). Cichan and Taylor (1982) men-
tioned a narrow hypodermis in the main axis of S. biseriata.
In both cases, the hypodermis seems to be restricted to the
proximal N-order axis only, and its aerenchymatous nature
was not mentioned.

The presumably generalized assimilatory function of
all the axes of S. oldhamia is a very important feature. It
contrasts with the situation in all known earliest ferns
where the assimilatory function is restricted to the ultimate
branching orders, in the form of either unwebbed cylindri-
cal segments or of small laminated pinnules (Galtier, 2010).
This character also contrasts with the occurrence of lami-
nated pinnules in several coeval ferns from Bouxharmont:
Ankyropteris, Corynepteris and Psalixochlaena (Holmes and
Fairon-Demaret, 1984; Phillips and Galtier, 2005, 2011).

An assimilatory function generalized to all axis orders
is considered plesiomorphic to all plant groups (Kenrick
and Crane, 1997). The presence of this character in the Car-
boniferous Stauropteris plant is puzzling. Two contrasting
hypotheses can be considered. First, it is a plesiomorphic
character that survived among Stauropteridales. Second,
it is the result of a character reversion. We consider the
second hypothesis as unlikely because the earliest repre-
sentatives of the Stauropteridales, currently represented by
the Devonian genus Gillespiea (Erwin and Rothwell, 1989),
were similarly lacking specialized assimilatory organs. Fur-
thermore, the assimilatory hypodermis seems to be more
developed in the youngest S. oldhamia than in the ear-
lier stauropterids; this may  represent an adaptation to
a humid coal swamp  environment. There is however no
clear evidence suggesting that S. oldhamia lived in semi-
aquatic environments. Another hypothesis is suggested
by the study of isoetalean lycopsids. In a reinterpretation
of the parichnos system of Pennsylvanian lepidoden-
drales, Green (2010) suggested that it could represent an
unusual metabolism similar to that of modern Isoetaceae.
model, the parichnos system represents internal gas spaces
used as a carbon-concentrating mechanism. The parichnos
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system is thus similar to aerenchyma and used to provide
upward CO2 transport and downward O2 transport. Such
mechanism of CO2 enrichment is particularly interesting
within the context of the high O2, low CO2 late Palaeo-
zoic atmosphere. A similar process could be proposed for
Stauropteris. Indeed, the occurrence of aerenchyma in all
branches order as well as the lack of stomata is consistent
with this hypothesis.

The Stauropteridales appear to be a very specialized
group occupying a particular position among earliest fern
evolution. They are devoid of any lamina, like the very dif-
ferent, and supposedly leafless, cladoxylaleans. They are
also quite distinct anatomically from the rhacophytaleans,
zygopterids and other fern groups which exhibit, from the
Late Devonian, the slow process of acquisition of laminate
pinnules.

4.3. Reconstruction

Several reconstructions of S. oldhamia have been pub-
lished (e.g., Chaphekar, 1962; Eggert, 1964; Mägdefrau,
1967) and reproduced in textbooks. The study of this coal
ball containing several branched axes allows confirmation
of the overall validity of these reconstructions. All these
reconstructions, however, emphasize a very regular orga-
nization of the plant. They show organs emitted in opposite
pairs giving a repetitive quadriseriate aspect to all branch-
ing orders. For example, Chaphekar (1962) and Mägdefrau
(1967) illustrated N + 1 axes bearing at least four succes-
sive pairs of N + 2 axes and, in turn, N + 2 axes bearing at
least four successive pairs of N + 3 axes at regular inter-
vals. Here we describe the distalmost parts of the plant.
They highlight an organization contrasting with previously
published reconstructions. Indeed, we notice in the ulti-
mate branching orders (after N + 3) a progressive loss of the
four-lobed organization prevailing in other orders. Addi-
tionally, we provide the detailed reconstruction of a portion
of this plant where one N axis is bearing immature N + 1
to N + 2 axes. The N + 1 axis was fully developed up to its
first ramification. In contrast, the remaining part of this
N + 1 axis, up to its apical region, measures only about
0.5 cm and includes a second level of ramification. The very
short distance between the levels of attachment of the two
successive pairs of N + 2 axes is suggestive of an arrest of
growth. This is confirmed by the rapid decrease in diameter
of the N + 1 axis after its second branching level as well as by
the conical shape of its apical region. This also suggests, for
S. oldhamia, some kind of determinate growth comparable
with the development found in the leaves of some modern
ferns. This may  be considered as an argument to inter-
pret the whole aerial branching system as a primitive fern
frond (see discussion above). If there is no doubt that N + 1
to N + 3 axes were arranged as paired branches, evidence
is missing of a quadriseriate arrangement of all branching
orders. In addition, it is probable that the interval between
successive branches was quickly decreasing and that the
number of the successive paired branches was smaller than

4 or 5, as suggested in previous reconstructions. Despite
the curvature observed in the distal-most region of this
N + 1 axis, it is impossible to assess whether it is resulting
from taphonomic processes or corresponding to an origi-
evol 13 (2014) 473–481

nal circination. In spite of the exquisite preservation of the
epidermal tissue, the absence of any ramentum, including
in the apical region, appears characteristic of this plant.

5. Conclusions

This study of S. oldhamia from the Early Pennsylvanian
from Belgium confirms most of the observations and inter-
pretations made by Bertrand (1909) and Chaphekar (1962).
S. oldhamia, and the Stauropteridales, appear to be very
specialized plants occupying a particular position in fern
evolution. S. oldhamia is characterized by a quadriseriate
organization and a four-lobed protostele. This organiza-
tion is very regular in the three first branching orders,
but is progressively lost in distal parts where small terete
appendages are present. The profusely and dichotomously
branched aphlebiae constitute an important element of the
branching system. The lack of laminate organs is another
characteristic aspect of S. oldhamia. The assimilatory func-
tion is very likely generalized to all plant parts as implied
by the presence of the aerenchyma and stomata. We  inter-
pret the latter features as indicating an adaptation to the
humid swamp environment.
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