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ABSTRACT

Seed ferns (pteridosperms) make up a heterogeneous group of broadleaf gymnosperms. Our attempts to
reconstruct these extinct plants here summarize research over many years on the best-known seed Jferns. We have
named each reconstructed plant after its best-preserved ovulate fructifications, because these are the most reliable
parts for identification of seed plants. We envisage Early Carboniferous (about 352 million years ago) Stam-
nostoma huttonense as a large tree, foresting elevated terraces and other well-drained areas of coastal plains.
Swampy lagoon margins of the same coast probably were wooded with lycopods and small shrubby seed ferns
such as Lyrasperma scotica. Of comparable age, but on well-drained ashy soils Sfanking inland volcanoes, was
the early successional Calathospermum fimbriatum. Unlike these other plants, which were probably pollinated
and dispersed by wind and water, arthropods may have played a role in the reproduction of C. fimbriatum.
Earliest Late Carboniferous (about 320 million years old) Lagenostoma lomaxii is reconstructed as a bushy
understory shrub in swamps of arborescent lycopods. Latest Late Carboniferous (about 296 million years old)
Pachytesta illinoensis was a tree probably growing on elevated and nutrient-rich areas in and around permanently
waterlogged swamps of marattiaceous tree ferns. Pachytesta illinoensis kad large prepollen probably dispersed
by insects. Its fleshy ovules may have been dispersed by large amphibians, reptiles, or fish. Another seed fern
of these latest Carboniferous swamps, Callospermarion pusillum, is reconstructed as an early successional scrambling
vine. Its pollen probably was dispersed by wind, and its numerous small seeds scattered widely by wind and
water. In contrast to these Euramerican plants of tropical and subtropical climates, Late Permian (about 245
to 253 million years old) Dictyopteridium sporiferum was a dominant tree of cool temperate swamp woodlands
of intermontane valleys in the southern hemisphere. Large air chambers in its roots enabled it to grow in
waterlogged soils. Woodlands of southern hemisphere mid-continental lowlands during Late Triassic time (225
to 230 million years ago) included abundant trees of Umkomasia granulata, and a shrubby understory including
Peltaspermum thomasii. Middle Jurassic (175 to 183 million years old) Caytonia nathorstii is reconstructed as
a tree of lowland mixed conifer-broadleaf forest in a subtropical, seasonally wet paleoclimate. Its ovules were
enclosed in berrylike cupules, which may have been pollinated and dispersed by small animals. From these
examples, it is apparent that seed ferns were exceptionally diverse broadleaf plants whick occupied a variety
of niches now occupied by angiosperms.

Reconstructions of extinct plants from dispersed
fossil organs have not been attempted to the same
extent as restoration of vertebrate fossils. Presum-
ably this is because of the modular construction of
plants, because of their various deciduous organs,
and because of the variety of ways and places in

which fossil plants are preserved. Nevertheless,

many hypotheses have been published concerning
which parts of fossil plants belong together. The

drawings presented here are visual expressions of
some of these hypotheses for especially well-known
seed ferns. We intend these drawings to be working
hypotheses of reconstruction in the same way as
the written accounts on which they are based.
Hypotheses expressed in this way are understood
more readily than pages of scientific text. By the
same token, however, such drawings also make
mistakes of interpretation more obvious. A further
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difference between written and illustrated recon-
structions of fossil plants is the difficulty of ex-
pressing uncertainty and presenting detail in a
drawing. With special regard to this problem, the
poses of various organs have been selected care-
fully, and enlargements and insets have been used
liberally both to reveal detail and obscure uncer-
tainties.

The plants reconstructed here are those re-
garded traditionally as “seed ferns,” a group of
plants being increasingly recognized as an evolu-
tionary grade rather than a clade. This is not to
say that the terms ““seed fern” or “‘pteridosperm”
should be abandoned, any more than the term
““dinosaur,” another often loosely defined assem-
blage, should be discontinued. The discovery that
these fernlike fossil leaves belonged to seed-bearing
plants reshaped understanding of the evolutionary
relationships between seed plants and pteridophytes
(Potonie, 1899; Oliver & Scott, 1904), and their
importance to understanding vascular plant evo-
lution has remained undiminished. The first seed
plant and the ancestors of many other gymno-
sperms were probably seed ferns (Rothwell, 1982).
Seed ferns or allied plants remain most likely ances-
tors of angiosperms (Dilcher, 1979; Retallack &
Dilcher, 1981; Doyle & Donoghue, 1986).

The various organs and preservational styles of
each of these fossils have separate botanical names,
following accepted paleobotanical nomenclature.
Our gathering together of various organs and names
for different parts of the same plant should not be
construed to mean that each part is equally defin-
itive of the whole plant. A fossil species of root,
for example, may have belonged to several different
species distinguishable among reproductive struc-
tures. It is likely that different organs of plants
have evolved at different rates. In gathering to-
gether these names we merely imply that there
once existed a plant for which each of these names
is appropriate for its various fossilized parts.

Our choice of a single name for each recon-
structed plant does not follow the International
Code of Botanical Nomenclature (Stafleu, 1978)
in its rules of priority, because there are indications
in the code that these do not apply between form
genera for different kinds of plant parts. In the
case of the present compilation, strict adherence
to priority would result in naming eight of the plants
reconstructed here from leaves, one from wood,
and one from a root. Instead, we use the name of
the best-preserved ovular fructifications consis-
tently as the name for these reconstructed seed
plants (following Retallack, 1980a, and Anderson
& Anderson, 1985). Modern seed plants are clas-

sified mostly according to their ovulate fructifica-
tions, and a new suprageneric classification of seed
plants based on ovular fructifications has recently
been proposed by Meyen (1984). We do not agree
with all of the criteria for his classification, but it
is a welcome replacement for the preexisting mis-
cellany of suprageneric taxa based on wood for
Carboniferous groups, leaves for Permian groups,
and ovular fructifications for Mesozoic groups.

Meyen (1984) outlined a new botanical nomen-
clature for seed plants, but here we use well-es-
tablished terms such as sporophyll (phyllosperm of
Meyen), sporoclad (branching polysperm), head
(ultimate segment of cladosperm), and cupule (also
used by Meyen). The word ovule is used here in
the strict sense for unfertilized integumented mega-
sporangia. In most gymnosperms, seeds represent
dispersed propagules, whereas ovules are found in
place in reproductive organs. Thus the word ovule
appears in this account of reproductive organs more
frequently than the word seed. In much paleobo-
tanical writing, the latter term being understood
more easily in general English usage, is used loosely
for ovule or seed. We have also used the term
prepollen for the microspores of very early seed
ferns. Prepollen look more like spores of pterido-
phytes than pollen of seed plants, and, like spores,
prepollen germinate from the side of the grain
originally oriented within the parent tetrad (Chal-
oner, 1976).

We have examined type material of all the seed
ferns reconstructed here and a good deal of ad-
ditional material. One of us (G.J.R.) also has visited
the type or comparable localities of these fossil
plants in order to assess and obtain new evidence
for their geological occurrence. In addition to the
drawings, we have written an interpretive summary
as an introduction to each plant. The remainder
of each account details both evidence and argu-
ments for and against various aspects of our re-
construction. The plants are discussed in order of
geological age.

STAMNOSTOMA HUTTONENSE

Hypothetical reconstruction. We envisage
this plant as a tall forest tree (Fig. 1) with coni-
ferlike wood (Pitus primaeva Witham, 1833). It
was a prominent tree of well-drained soils of ele-
vated river terraces surrounding lagoons of a broad
coastal plain to the south of a hilly and volcanic
region now forming the Southern Uplands of Scot-
land. During the Early Carboniferous (late Tour-
naisian or about 352 million years ago) the climate
of this region probably was subtropical, with a
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pronounced dry season. During this season, the
pinnules of its large fronds (Aneimites acadica
Dawson, 1860) may have been deciduous. In some
ways these fronds resembled the plagiotropic short
shoot systems of progymnosperms, but the petiole
of the plant (Lyginorachis papilio Kidston, 1923)
was dorsiventrally differentiated and its vascular
structure like that of true leaves. Stalks arising from
within the dichotomy of the rachis of the frond
terminated in cupules (Calathiops sp.) bearing
ovules (Stamnostoma huttonense Long, 1960a).
The prepollen organ (Telangium sp. when petrified
and Telangiopsis sp. in compression) probably was
borne in a similar manner. It consisted of a copi-
ously branched aggregate of clusters of elongate
pollen sacs. The fernlike prepollen grains (Cola-
tisporites decorus (Bharadwaj & Venkatachala)
Williams in Neves et al., 1973) were released
through an elongate dehiscence slit. These plants
may have been wind pollinated at a stage when
the ovules were immature. The prepollen was sealed
in an apical chamber of the ovule (lagenostome) at
the base of a trumpetlike opening (salpinx) by the
upward and outward growth of a central plug of
tissue. There it waited as the multicellular game-
tophyte and archegonia developed. Once fertiliza-
tion was achieved, perhaps after shedding and wind
dispersal of the ovule, there appears to have been
little interruption in the rotting of the seed integ-
uments and germination of the embryo.

Evidence for reconstruction. The main lo-
cality for our reconstruction is the quarries in the
steep eastern banks of the Crooked Burn west of
Newton Farm, near Foulden, Berwickshire, south-
ern Scotland (Wood & Rolfe, 1985; Scott & Mey-
er-Berthaud, 1985). This is in the lower Cement-
stone Group of the Calciferous Sandstone Series,
of Early Carboniferous age (late Tournaisian, or
late Courceyan in the regional stratigraphic scheme;
Scott et al., 1984; Clayton, 1985) or 352 million
years old (following Palmer, 1983). The attribution
of these various remains to a single plant is based
on anatomical similarity of petrified petioles and
small branches; on attachment of petrified stalks
within the dichotomy of petioles as in other fertile

seed ferns; on the similarity of pollen found in pollen
sacs, in ovules, and dispersed; and on the associ-
ation of both petrified and compressed remains at
the same localities, often with few other associated
plants (Long, 1960a, 1962, 1963, 1979a; Neves
etal., 1973; Wood & Rolfe, 1985; Scott & Meyer-
Berthaud, 1985).

Most of this evidence has been presented by
Long (1979a), but we doubt that the leaf type,
Sphenopteris affinis, or petrified stem, Tristichia
ovensii, belonged to this plant, for the following
reasons. Aneimites acadica is a very common leaf
at the main locality for this plant (Newton Farm),
where it is represented by abundant isolated pin-
nules, which were probably deciduous. The overall
frond morphology thus remains poorly known, and
Long’s (1979a) objections on this basis against this
being the foliage of the petrified petioles have little
substance. There are several problems with Long’s
view that Sphenopteris affinis was the leaf of the
plant in question. Sphenopteris affinis was prob-
ably a shrubby plant growing in quite different
waterlogged soils (of the Oil Shales: Andrews, 1948).
Only one very poorly preserved fragment (British
Museum of Natural History specimen 16865) of
S. affinis has been found at the main locality for
our reconstruction (Newton Farm) of Stamnosto-
ma huttonense, and this equally could be a badly
lacerated specimen of Aneimites acadica or a rag-
ged specimen of Sphenopteridium pachyrrachis,
also reconstructed here as part of Lyrasperma
scotica. In addition, the prepollen of Telangium
affine found in association and attached to Sphe-
nopteris affinis in the Oil Shales has a clear or-
nament and trilete mark (Kidston, 1924), quite
different from the almost featureless prepollen found
in the prepollen chambers of ovules and in prepollen
organs attributed to Stamnostoma huttonense
(Long, 1962, 1979a). Further, the prepollen of
Sphenopteris affinis is somewhat smaller (52 um
according to Kidston, 1923) than that of the re-
constructed plant (54—69 pm according to Long,
1979a). This would have been a more substantial
difference if the prepollen grains of Stamnostoma
huttonense are lacking their outer wall, as Long
suspected.

(—.—
Ficure 1.

A reconstruction of Stamnostoma huttonense of Early Carboniferous (Tournaisian) age, from

Newton Farm, near Foulden, Berwickshire, Scotland.—A. Habit as a large tree of well-drained soils.—B, C.
Xylem model of branches, petiole, and cupule.—D~F. Schematic cross sections of branches and petioles, showing
primary xylem (black dots), secondary xylem (surrounding areas), sclerotic nests (asterisks), and mechanical
cortex (radial shading) .—G-1. Cellular structure in tangential and radial (respectively) sections of wood.—
J. K. Prepollen organ.—L. Detail of leaf—M. Ovulate cupule.—N. Ovule.—O-S. Sections of ovule, revealing
multicellular megagametophyte and an archegonium.—T. Prepollen.
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Scott & Meyer-Berthaud (1985) reinterpreted
Tristichia ovensii from the main locality for our
reconstruction (Newton Farm) as a separate small
seed fern with RAodea-like leaves, “small uncu-
pulate seeds,” and “‘small, lateral, pedunculate male
organs.” They also questioned whether the speci-
mens of Tristichia ovensii between the fork of
Lyginorachis papilio and aligned with Stamno-
stoma huttonense (Long, 1963) are really at-
tached. We accept their reconstruction of this oth-
er plant but see little reason to question the
attachments described by Long, especially in view
of the very generalized anatomy of T ovensii. Very
small axes of several species of seed ferns may
have been comparably anatomically simple.

Habit. Stamnostoma huttonense was a large
tree, with trunks up to 25 m long and 1.4 m in
diameter (Long, 1979a). On some of the petrified
trunks, branches and petioles have been found
attached in a closely spaced helix, whereas other
axes lack branches for considerable lengths. This
is a common branching pattern in modern forest
trees (Rauh’s model of Hallé et al., 1978). This
plant also had the long and short shoot organization
found in many modern conifers, such as Scots pine
(Pinus sylvestris).

Unlike the leaves of most conifers, its leaves
were fernlike. These fossil trees were superficially
similar to extinct progymnosperms such as Ar-
chaeopteris ovata (see Beck, 1981). These had
leaves similar to the pinnules of Aneimites acadica,
although these were arranged in large dorsoven-
trally planated shoot systems quite different from
the true leaves of 4. acadica (Kidston, 1924).

Ovules were attached on stalklike structures
which formed the central axis of a trichotomy of
the rachis of the frond. A petrified terete stalk with
a triarch stele has been found in the dichotomy of
a petrified petiole (Long, 1962). This was a com-
mon mode of attachment of ovular and pollen-
bearing structures, seen in other Early Carbonif-
erous compression fossils, such as Sphenopteris
affinis (Kidston, 1924), Sphenopteris bifida (Long,
1979a), and Diplopteridium teilianum (Walton,
1926, 1931). Compared with modern gymno-
sperms in which axillary branching and clear dif-
ferentiation of stem and leaf are the rule, this
epiphyllous sporoclad is peculiar. Presumably this
arrangement was inherited from progymmosperm
ancestors that lacked consistently axillary branch-
ing (as shown by Scheckler, 1976, 1978).

The sporoclads of Stamnostoma huttonense may
have been erect. Their stalks are terete and gently
curved, rather than the dorsiventrally planated and

flexuous as in pendent fructifications. Niklas (1981)
has shown that an erect orientation would have
been more effective for pollination, because the
rachides of the fronds would have remained in the
way of pendent ovules even if all the pinnules were
abscised at the time of pollination. Long (1965)
and Walton (1964) argued that cupules of other
species were pendent because this would protect
the pollination drop from rain. However, the open
form of this particular cupule would have been a
rain guide, rather than protection.

Reproduction. The life cycle of this plant was
probably similar in general outline to that of a
number of associated Early Carboniferous seed ferns
(Rothwell, 1986). Irregularly branching cupulate
structures of other species sometimes are found
with poorly developed ovules or prepollen sacs
(Long, 1969, 1975, 1977a, 1979b). We interpret
these as fructifications at the stage of pollination
or earlier, analogous to modern fructifications of
cycads (Dioon edule) and maidenhair trees (Gink-
go biloba) at this stage in their development
(Chamberlain, 1935). The smooth prepollen were
produced in great quantity. These are features of
modern wind-pollinated plants (Faegri & van der
Pijl, 1966; Whitehead, 1969). The size of the
prepollen (54—69 pm in diameter) approaches that
of modern insect-dispersed pollen, but their aid in
pollination is unlikely in view of other features of
the prepollen. At pollination stage the funnellike
nucellar apex (salpinx) may have retained a pol-
lination drop for entrapment and withdrawal of
prepollen (Walton, 1964) as in some modern co-
nifers.

The best-preserved fossils of mature ovules have
a central column filling much of the salpinx and a
mulicellular megagametophyte, occasionally with
one to three apical archegonia (Long, 1960a). These
may have been ovules during the long period after
pollination and before or shortly after fertilization.
Judging from the abundance of remains of this
stage, this was a long period in the life cycle,
perhaps taking several months, as in modern cy-
cads and Ginkgo (Chamberlain, 1935). Even ma-
ture ovules have three small cutinized megaspore
remnants at the apical end, representing aborted
spores of the parent tetrad (Long, 1975). This
feature, presumably a legacy of heterosporous pro-
gymnosperm ancestors, is no longer seen in modern
seed plants.

Mature seeds were small (up to 3.75 mm long
by 1.5 mm wide) and had a thin, dense seed coat.
Compared with modern seeds (Van der Pijl, 1972),
they were unspecialized and possibly scattered by
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Stratigraphic sections and interpreted paleoenvironments of fossil localities at:—A. Newton Farm,

near Foulden, Scotland (for Stamnostoma huttonense and Lyrasperma scotica).—B. Hough Hill Colliery, near
Stalybridge, Cheshire, England (for Lagenostoma lomaxii) .—C. Near Vergelegen Nature Reserve, upper Umko-
maas Valley, Natal, South Africa (for Peltaspermum thomasii and Umkomasia granulata).—D. Southern Cayton
Bay, Yorkshire, England (for Caytonia nathorstii) . Sections were measured in the field by G.J.R., except for B,
which was compiled from sections described by Stopes & Watson (1909) and Tonks et al. (1931).

shaking from the cupules, followed by wind and
water dispersal.

No seeds with embryos have been found among
many examined in Early Carboniferous rocks. Those
few possible seed fern embryos found have two
seed leaves and are free of their seed integuments
(Long, 1975). It is likely that germination followed
rapidly after fertilization, again as in modern cy-

cads and Ginkgo (Chamberlain, 1935). If most
embryos grew without pause into small seedlings,
this would explain their rarity.

Habitat. The gray shales at Newton Farm
(Fig. 2A) have yielded a variety of fossil sharks,
palaeoniscid and acanthodian fish, crustaceans, bi-
valves, and plants (White, 1927; Long, 1960a,
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1962, 1964; Wood & Rolfe, 1985; Scott & Mey-
er-Berthaud, 1985). Apart from arborescent ly-
copods and rare sphenopsids, the best-known plants
from here are the seed ferns reconstructed as
Stamnostoma huttonense and Lyrasperma sco-
tica, and a small plant with Rhodea-like foliage.
Remains of all these plants have been found mixed
together in shales of what was once a large brack-
ish-to-freshwater coastal lagoonal system (Clark-
son, 1985).

Several fossil soils (paleosols) in this sequence
allow more precise understanding of where Stam-
nostoma huttonense grew. Overlying the lagoonal
shales are sequential, thin, waterlogged paleosols
(gleyed Inceptisols of Soil Survey Staff, 1975). The
size and nonanastomosing cortical striations of fossil
root traces in these are most like those of Lyra-
sperma scotica, also reconstructed here. A better-
drained paleosol containing larger and more deeply
penetrating root traces underlies the lagoonal shales.
Stamnostoma huttonense probably grew in such
well-drained soils, considering the deeply pene-
trating roots under its fossil stumps, its well-cuti-
cularized seeds, and the growth rings in its wood,
not seen in coeval arborescent lycopods of swamps
(Gordon, 1935).

The well-drained paleosol thought to have sup-
ported Stamnostoma huttonense has a carbona-
ceous surface horizon: an indication that it was not
always entirely dry. Its subsurface zone of iron-
staining and deep (60 cm) horizon of calcareous
nodules (caliche) mark the minimum usual depth
of the water table. It was a young soil (probably
formed in only hundreds of years before covered),
because development did not proceed to the extent
that the original bedding was entirely destroyed. It
probably formed on an alluvial terrace, a meter or
so above the level of the nearby lagoonal system.

Additional evidence of Early Carboniferous for-
ests of Stamnostoma huttonense can be seen at
other British localities. Along the King Water be-
tween Spadeadam and Gilsland in Cumbria, north-
ern England, there are ten petrified stumps of Pitus
primaeva preserved in growth position within 200
m of outcrop (Long, 1979a). Considering the likely
canopy of these trees and the size of the stumps,
they would have dominated a forest with closed
canopy.

In addition to forests of Stamnostoma hutto-
nense and swamp woodlands of Lepidodendron
and shrubby Lyrasperma scotica, documented at
Newton Farm, seed ferns lived in a variety of other
habitats in southern Scotland during Early Car-
boniferous time. The oil shale north of Cove Har-
bour (Craig, 1975) contains abundant Sphenop-

teris affinis, as well as narrow, shallowly penetrating
root traces. This was a weakly developed, water-
logged paleosol (Aquent of Soil Survey Staff, 1975),
supporting scrubby vegetation similar to modern
fen carr. Other seed ferns are now preserved in
calcareous nodules (caliche) of paleosols (Incepti-
sols of Soil Survey Staff, 1975) flanking deposits
of a small (about 10 m wide) creek in the Ce-
mentstone Group deposits exposed in the southern
sea cliffs of Oxroad Bay, south of Tantallon Castle,
East Lothian (Long, 1976, 1979b; Barnard &
Long, 1973, 1975; Matten et al., 1980; Scott et
al., 1984). This fossil assemblage, including Cal-
athospermum fimbriatum reconstructed here, ap-
pears to have been in large part scrubby, early
successional vegetation on the well-drained, ashy
soils of a nearby volcano. Even at this early time
in the geological history of seed ferns, they appear
to have been varied in habit and habitat, and in-
cluded stately forest trees such as Stamnostoma
huttonense.

Paleogeographic setting. This plant and its
various parts are widely distributed in the lower
Cementstone Group of Early Carboniferous age
southern Scotland. At this time, the Cementstone
Group accumulated in a coastal plain south of a
hilly region including basaltic and rhyolitic volca-
noes, and north of a shallow marine shelf, a few
large islands, and open equatorial ocean (Anderton
et al., 1979). Southern Scotland enjoyed a warm
tropical climate, in which corals and large fusuline
foraminifera flourished. Statistical analysis of paly-
nological data provides evidence of dry climate at
this time (van der Zwan et al., 1985). Calcareous
nodules in paleosols of the Cementstone Group (Fig.
2A) are evidence of a climate at least as dry as
subhumid, and probably seasonally dry. A dry sea-
son is also apparent from growth rings in fossil
wood of this sequence (Long, 1979a; Creber &
Chaloner, 1984) and the development of marine
evaporites in tropical seas to the south (Ramsbot-
tom, 1973). Although close to the equator, this
area was in the rain shadow of large mountain
ranges to the west (Bambach et al., 1980).

LYRASPERMA SCOTICA

Hypothesized reconstruction. Lyrasperma
scotica is reconstructed as a small bush, with stiff,
coriaceous, fernlike leaves (Fig. 3). It probably
formed a shrubby understory to swamp woodland
of arborescent lycopods around coastal lagoons of
the same age and areas already described for Stam-
nostoma huttonense. Its leaves (Sphenopteridium
pachyrrachis (Goeppert) Potonié, 1899) were
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strengthened by a thick cuticle and, in the rachis
and petiole, by a cortical mechanical tissue (dic-
tyoxylon cortex), formed by radially arranged blades
of sclerenchyma. Their petioles (Kalymma tue-
diana Calder, 1938) had a pulvinus and numerous
vascular strands. They were borne stiffly and hor-
izontally, in a well-spaced helix on slender erect
stems (Stenomyelon tuedianum Kidston in Scott,
1909). The stems were smooth and barkless, with
an outer dictyoxylon cortex and an inner paren-
chymatous cortex, and a soft, mixed pith within
the central cylinder of secondary xylem. The pre-
pollen organs of this plant are not known, but some
ovules were found containing prepollen (Colati-
sporites denticulatus Neville in Neves et al., 1973).
The ovules (Lyrasperma scotica (Calder) Long,
1960b, when petrified, and Samaropsis bicaudata
(Kidston) Kidston, 1902, in compression) were len-
ticular and had two prominent horns on either side
of the apex. Ovules only have been found isolated.
They may have been enclosed within epiphyllous
cupules (Alcicornopteris convoluta Kidston, 1887).
Like other Early Carboniferous seed ferns, polli-
nation was presumably by wind, and dispersal by
wind and water. The distinctive large horns of the
ovule may have aided dispersal over water.

Evidence for reconstruction. Our reconstruc-
tion of this plant is based on the same Early Car-
boniferous (Tournaisian) locality near Newton Farm,
southeastern Scotland, already discussed for Stam-
nostoma huttonense (Wood & Rolfe, 1985; Scott
& Meyer-Berthaud, 1985). The attribution of these
various remains to one plant is based on the sim-
ilarity of dispersed prepollen to that found in the
ovule; attachment of petrified petioles to petrified
stems; the similar size, shape, stelar arrangement,
long internodes, evidence of sclerotic nests, and
nonanastomosing woody cortex in petrified and
compressed petiole-bearing stems; the similar size
and shape of petrified and compressed ovules; and
consistent association at the same localities (Long,
1960b, 1964). A most important specimen for our
reconstruction is the large compressed trunk with
attached leaves excavated by Long (1964). Al-
though pinnae associated with this compressed trunk
agree with Sphenopteridium pachyrrachis, the
petioles of the specimen lack the pinnae below the
fork and the rough transverse bars usually found
in that species (Long, 1964). Comparably anom-
alous compression fossil leaves were referred to the
same species by Walton (1931), and it is uncertain
whether this is part of the natural variation of this
species or represents a distinct new form.

Habi:.

This plant had an unbranched erect

trunk (Corner’s architectural model of Hallé et al.,
1978). Its stems were quite succulent, as they had
a wide parenchymatous cortex, a mixed pith, and
inflated petiole bases (Seward, 1917: 184).
Compression of soft tissues in some specimens has
given the misleading appearance of “‘multicellular
projections” (Taylor, 1981: 363). These slender
stems were strengthened by an outer zone of woody
mechanical tissue—bands of sclerenchyma form-
ing a dictyoxylon cortex, which in this plant was
not anastomosing. There is no indication of bark,
and the stem probably was smooth.

The leaves were coriaceous and strengthened
by sclerenchyma within their petioles. The base of
the petiole was expanded into a broad, fleshy, pul-
vinuslike structure. Attached leaves were arranged
stiffly and horizontally on the stem.

The arrangement of ovules in this plant is un-
certain because they only are known isolated. In
similar Late Carboniferous plants described by De-
levoryas & Taylor (1969) and Corsin (1928),
synangia and ovules were borne bipinnately on
what appears to be a fertile frond, in a similar
fashion to our reconstruction of Lagenostoma lo-
maxii. In contrast, Long (1977a) has argued that
the ovules of Lyrasperma scotica were borne in
complexly branched cupules, similar to our recon-
struction of Stamnostoma huttonense. Long’s ar-
gument is based mainly on the widespread asso-
ciation of ovules (Samaropsis bicaudata) and
cupules (Alcicornopteris convoluta), the very sim-
ilar anatomy (especially of the lagenostome) of oth-
er ovules (Furystoma angulare, E. burnense, and
Hydrasperma longii) known to be borne in cupules
(Long, 1965, 1969, 1975, 1979b; Matten et al.,
1980), and the existence of compressed fronds (of
Sphenopteridium pachyrrachis) showing a tri-
chotomy of the rachis (Kidston, 1923, pl. 39, fig.
5; Long, 1960b). It is most likely that the ovules,
and perhaps also sporangia, of this plant were borne
within infolded cupules as in Alcicornopteris. We
regard many of Long’s Alcicornopteris-like spec-
imens of Hydrasperma longii (Matten et al., 1980)
as immature and have modeled our reconstruction
of the cupule after that of Eurystoma angulare
(Long, 1969). As in the generalized reconstruction
of similar plants by Camp & Hubbard (1963), the
cupule is shown erect on the frond for reasons
similar to those given for our reconstruction of
Stamnostoma huttonense.

Reproduction. The early development and
pollination of Lyrasperma scotica was probably
similar to that of Stamnostoma huttonense. Ly-
rasperma scotica had a wide, shallow salpinx, un-
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like many other Early Carboniferous seed ferns.
The mechanism of sealing the pollen chamber after
pollination could not have been by upward growth
of a plug of tissue, as envisaged for Stamnostoma
huttonense or Lagenostoma lomaxii. It may have
been by lateral growth of the central column or
buckling of the ceniral column by growth of the
tent pole.

The prominent horns of the ovule are somewhat
reminiscent of those in the living water chesinut
(Trapa natans), in which barbed spines may serve
as floats during dispersal over water and deter
consumption by fish or other aquatic vertebrates.
The fossil ovule does not have an especially woody
or fleshy integument of the kind found in modern
fish-dispersed seeds (Gottsberger, 1978).

Habitat. A lowland habitat is indicated by the
occurrence of Lyrasperma scotica at the same
locality on Newton Farm (Fig. 2A) already dis-
cussed for Stamnostoma huttonense (Wood &
Rolfe, 1985; Scoit & Meyer-Berthaud, 1985). Here
seed fern roots with nonanastomosing striations,
like those of this plant, as well as poorly preserved
lycopod cones, have been found in paleosols over-
lying the lagoonal shale. These paleosols lack coal,
and fossil root traces penetrate them more deeply
than usual for permanently waterlogged soils. Nor
do they have the reddish oxidized minerals of well-
drained soils or the prominent relict bedding of
very young soils. They were weakly developed,
periodically waterlogged, clayey lowland soils (gleyed
Inceptisols of Soil Survey Staff, 1975), probably
marginal to the lagoon. Fossil fish and shrimp in
the underlying lagoonal deposits (Clarkson, 1985)
are evidence that this was a brackish-to-freshwater
inland part of a large coastal lagoonal system, con-
nected to the ocean. Lyrasperma scotica may have
formed a shrubby understory to this lagoon-margin
woodland.

The suggested succulence and thick leaf cuticles
of this fossil plant could be considered indications
of a locally or regionally arid climate, but consid-
ering geological evidence for its habitat, these fea-
tures more likely allowed its growth in salty or

nutrient-poor, stagnant groundwater. This mter-
pretation is also compatible with the elaborate,
fleshy, open-mouthed seeds of this plant, which
would have required moist but not necessarily nu-
trient-rich conditions for germination and early
seedling growth.

Paleogeographic setting.  This plant is found
at several localities in the Cementstone Group of
Early Carboniferous age in southern Scotland, in
the same region and time as Siamnostoma hut-
tonense (Wood & Rolfe, 1985; Scott & Meyer-
Berthaud, 1985).

CALATHOSPERMUM FIMBRIATUM

Hypothesized reconstruction. Also of Early
Carboniferous age (Tournaisian or 352 million years
old), this small herbaceous-to-shrubby plant was
possibly an early successional colonizer of the banks
of gullies and ephemeral creeks in ash at the foot
of volcanoes within a large rift valley, now the
Midland Valley of Scotland (Fig. 4). Its leaves
(Sphenopteridium capillare Walton, 1931) were
dichotomously forked, and the pinnae copiously
divided into terete and filiform segments. The stem
(Calathopteris heterophylla Long, 1976) had a
wide cortex with narrow medullated rings of sec-
ondary xylem. Ovules were borne within large cu-
pulate structures (Calathospermum fimbriatum
Barnard, 1960), which had a series of pinnae on
the petiole like those of ordinary foliage leaves.
Within the cupule were about 16 erect-growing,
elongate ovules (Salpingostoma dasu Gordon,
1941). The prepollen organ (not yet known) may
have been attached to the central stalk of a tri-
chotomously divided leaf rachis. It may have been
a copiously branched structure with numerous
elongate sporangia, as in allied seed ferns. The
prepollen of this plant (Perotriletes tessellatus
(Staplin) Neville in Neves et al., 1973) were so
large (104 pm in diameter) that this plant may
have been pollinated by small animals. The long
integumented ovules may have been shaken from
the cupules by wind.

—
FiGure 3.

A reconstruction of Lyrasperma scotica of Early Carboniferous (Tournaisian) age, from Newton

Farm, near Foulden, Berwickshire, Scotland.—A. Habit as a shrub of coastal swampland.—B. Xylem model of
stem and petioles.—C, D. Schematic cross section of stem and petiole (respectively), showing primary xylem
(black points), secondary xylem (surrounding cellular pattern), sclerotic nests (asterisks), and mechanical
cortex (radial shading).—E. Detail of leaf —F. Ovule.—G-K. Transverse and longitudinal sections of ovule,
showing vascularization (heavy lines), woody integumentary layer (stipple), megagametophyte (cellular pat-
tern) , and archegonium (circle with stippled center) .—L. Prepollen.
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FEvidence for reconstruction.  The various parts
of Calathospermum fimbriatum have been put
together from similarities in anatomy and hairs
between isolated ovules and cupules; from the sim-
ilar anatomy of petioles of petrified cupules and
petioles of petrified stems; and from close associ-
ation at one especially well-studied locality (Bar-
nard, 1960; Long, 1976; Scott et al., 1984). These
are the calcareous, nodular layers of a buried
creeklike feature in sea cliffs south of Tantallon
Castle, in Oxroad Bay, East Lothian, Scotland (Long,
1976). This is part of the Cementstone Group,
Calciferous Sandstone Series, of Early Carbonif-
erous age (late Tournaisian or Courceyan of Scott
et al., 1984), or 352 million years ago (following
Palmer, 1983).

The prepollen of this plant have been found in
petrified ovules (Long, 1976) and are similar to a
common type of dispersed grain (Neves et al.,
1973). Similar prepollen are found in a fructifi-
cation of another closely allied species (Staphy-
lotheca kilpatrickensis Smith, 1962) from another
Scottish locality of comparable age (Loch Hum-
phrey Burn). The prepollen organ of Calatho-
spermum fimbriatum may have been similar in
some respects but remains unknown. Only the pet-
ioles likely to have borne the prepollen organ of
Calathospermum fimbriatum are known.

No compression fossils have been found in as-
sociation with the petrified remains, but the pet-
rified pinnae below the fork of the cupule agree in
all respects with Sphenopteridium capillare
(G.J.R., pers. obs.), a leaf known from other lo-
calities in Fife, Scotland (Walton’s, 1931, material
from Burntisland; British Museum (Natural His-
tory) specimen v31831 from Ardross). Unlike
Oxroad Bay, these Fife localities are within the Oil
Shale Group or its equivalents (MacGregor, 1968)
and are slightly younger (Visean) within Early Car-
boniferous time (equivalent or older than Pettycur
fossils from this area; Scott et al., 1984).

Other kinds of fronds are unlikely to have be-
longed to this plant, as they are thought to have
had quite different fructifications (Stamnostoma
huttonense and Lyrasperma scotica, as recon-
structed here, and fertile Sphenopteris bifida of
Long, 1979b), or they differ in having few (Sphe-

nopteris affinis: see Kidston, 1924, pl. 100, fig.
1) or no pinnae below the fork (Adiantites ma-
chanekii, Diplotmema bermudensiforme and
Spathulopteris ettingshausenii of Walton, 1931).
The other common kind of leaves of this age (Rha-
copteris spp.) were unforked, although their micro-
sporangiate axes were forked (Walton, 1926).
Compression fossils showing these leaves attached
to stems (Walton, 1926) are very similar in size,
phyllotaxy, angle of attachment of petioles, and
spacing of pinnules to petrified plant remains (re-
ferred to Buteoxylaceae by Barnard & Long, 1973,
1975), different from the plant reconstructed here.

Habit. From a distance these plants probably
looked like umbelliferous weeds, such as hemlock
(Conium maculatum) and anise (Pimpinella ant-
sum). The stem of Calathospermum fimbriatum
was weak, with medullated secondary wood (Long,
1976). No growth rings were seen. The single stem
found was densely clothed in leaves and showed
no branches within its 17 ¢m length (Long, 1976).
It was not a copiously branched plant and had
much weaker wood than seed ferns such as Stam-
nostoma huttonense. We have reconstructed it as
a small shrub, but the available specimen may have
been a young plant of a species usually more com-
plex in architecture (G. W. Rothwell, pers. comm.,
1985).

Reproduction. The enlargement and differ-
entiation of the megagametophyte between the time
of pollination and fertilization was not synchronous.
There are small, poorly developed ovules on short
stalks near the base of the cupule, as well as large,
mature ovules on long stalks near the mouth of
the cupule (Barnard, 1960). Such variation in de-
velopment is not nearly so marked in other Early
Carboniferous seed ferns, although these do include
occasional “aborted” ovules (Long, 1960a). “Con-
tinuous flowering”™ of this kind is commonly found
in modern plants of disturbed habitats, where op-
portunities for seedling establishment are unpre-
dictable (Heinrich, 1976).

Several features of this plant suggest a syndrome
now associated with pollination by animals (Faegri
& van der Pijl, 1966). These features are especially
striking in comparison with co-existing wind-polli-

—

FiGURE 4.

A reconstruction of Calathospermum fimbriatum of Early Carboniferous (Tournaisian) age, in

Oxroad Bay, East Lothian, Scotland.—A. Habit as a weedy shrub of inland streamsides.—B. Xylem model of
stem and petioles.—C. Schematic cross section showing primary xylem (black points), secondary xylem (sur-
rounding cellular pattern), sclerotic nests (asterisks), and mechanical cortex (radial shading).—D. Detail of
leaf —E. Ovulate cupules.—F. Ovule.—G-L. Transverse and longitudinal sections of ovule.—M. Prepolien.
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nated seed ferns such as Stamnostoma huttonense
and Lyrasperma scotica. The cupules were large
and almost radially symmetrical, and so might have
been easily recognized by animals. They were borne
erect, as can be seen from the kink where the
cupule was bent farther upwards (adaxially) on the
attached petiole (Barnard, 1960; Long, 1975). The
prepollen of this plant were large (104 pm), much
larger and heavier than is effective for wind-pol-
linated plants today (Whitehead, 1969). Finally,
the ovules and the interior of the cupule were
covered with numerous glandular hairs (Gordon,
1941; Barnard, 1960) of unknown function. They
may have offered a nutritional reward to animals
or protected the ovules from them.

It is difficult to be certain what kinds of creatures
could have been pollinators—few likely terrestrial
animal fossils are known from this geological time.
There is a poor Late Devonian and Early Carbon-
iferous fossil record of canopy-dwelling spiders and
mites. Winged insects are not found as fossils in
rocks older than earliest Late Carboniferous (Na-
murian: Rolfe, 1980).

The propagules of this plant appear to have been
individual ovules, because only a few mature ovules
are found in any particular cupule, and in some
cases cupules contain none. Mature ovules were
elongate and of moderate size (6 mm diameter and
5 cm long including nucellar extensions). There
were zones of resinous hairs on the inside of the
nucellar extensions and between the ribs of the
body of the ovule, which was enveloped in a hard
sclerotesta. The whole structure is larger, heavier,
and more elaborate than propagules usually dis-
persed by wind or water alone, such as the pappus
of modern Compositae which Walton (1964)
thought comparable. They were probably shaken
loose from the cupule by wind (a “wind ballist” of
van der Pijl, 1972). Also possible is dispersal by
ground-dwelling spiny millipedes and similar large
arthropods (Rolfe, 1980).

Habitat. This fossil plant at Oxroad Bay is
found encased in calcareous nodules (caliche) of
weakly developed paleosols (Inceptisols of Soil Sur-
vey Staff, 1975) on the aggrading banks of a small
(10 m wide) creek deposit (Gordon, 1941, pl. 1,
fig. 1; Scott et al., 1984). The stabilized banks
(rooted caleareous nodules) can be seen to be lat-
erally impersistent, eroded on top, and covered
alternately on each side of the creek. The area
was well drained and quite near the volcano, as
can be seen from the nature of these paleosols and
associated bouldery volcanic mudflows. In such
well-drained, frequently disturbed soil one would

expect small, xeromorphic, and early successional
plants.

Such a habitat agrees with several adaptive fea-
tures of this plant: small size (Long, 1976), dis-
sected pinnae (Walton, 1931; Barnard, 1960),
cupular protection of ovules (Barnard, 1960), long
extensions of the ovular integument, and hairy coat
and woody integument of the ovule (Gordon, 1941).
This also is compatible with what is known about
the other fossil plants found there (listed by Scott
et al., 1984). Lycopods and remains of arborescent
plants such as Stamnostoma huttonense are rare
and fragmentary. Most common are small seed
ferns and enigmatic plants (family Buteoxylaceae).

Paleogeographic setting. This reconstruc-
tion is based mostly on petrified fossils of Early
Carboniferous (late Tournaisian) age, from Oxroad
Bay, East Lothian, Scotland (Long, 1976; Scott et
al., 1984). Only the basal parts of pinnae are
known from Oxroad Bay, and the remainder of the
frond is modeled after compressions from Ardross
and Burntisland, Fife, Scotland (Walton, 1931;
British Museum specimen v31831).

All of these localities were in a large rift valley,
now occupied by the Midland Valley of Scotland.
This was flanked by the Grampian Highlands to
the north and the Southern Uplands to the south,
and opened out to the sea toward the southwest
(Anderton et al., 1979). It was a volcanic landscape
with extensive flows from fissure eruptions and
some imposing alkali-basaltic volcanoes (Francis,
1983).

Calathospermum fimbriatum may have lived
more inland and at higher elevation than the coastal
lagoons colonized by Stamnostoma huttonense and
Lyrasperma scotica, and probably in a similar
subtropical and seasonally dry climate. As Gordon
(1941) argued, it may have lived in a drier climate
than these other plants. It was within the rain
shadow of rift valley walls, volcanoes, and the
mountain ranges of the Grampian Highlands and
contiguous ranges now in North America (Bambach
et al., 1980).

LAGENOSTOMA LOMAXII

Hypothesized reconstruction. We envisage
Lagenostoma lomaxii as a shrub with an irregular
crown of large leaves (Fig. 5). It grew in extensive,
permanently waterlogged swamps, dominated by
arborescent lycopods, on deep peaty soils. During
the early part of the Late Carboniferous (early
Westphalian A or about 320 million years ago)
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this area was in the subhumid tropics. The trunk
(Lyginopteris oldhamia (Binney) Potonié, 1899)
was slender (3~4.5 cm diameter) and strengthened
by a thick outer zone of sclerenchyma forming an
anastomosing system of radially arranged plates
(dictyoxylon cortex). The lower part of the stem
was anchored by numerous slender prop roots (Ka-
loxylon hookeri Williamson, 1875), which ran di-
rectly down from the stem and branches but did
not sheath the stem as they do in many modern
tree ferns and palms. Its petioles (Rachiopteris
aspera Williamson, 1874) were flattened and had
two vascular strands near the base. The leaves
(Sphenopteris hoeninghausii Brongniart, 1828)
were large and spreading, with a dichotomously
forked rachis and numerous small, orbicular, third-
order pinnules. The frond rachis and the stems
were clothed in prominent stalked glands. Cupulate
ovules (Lagenostoma lomaxii Williamson in Oliver
& Scott, 1903, when petrified, and Calymmato-
theca hoeninghausii (Brongniart) Stur, 1877, in
compression) were borne pinnately, in modified api-
cal parts of fronds. Prepollen organs are not cer-
tainly known, and prepollen are represented only
by badly corroded specimens within the pollen
chamber of the ovules. The cupulate cover to the
ovules was liberally studded with stalked glands like
those on the stem and leaves.

Evidence for reconstruction. Our reconstruc-
tion of Lagenostoma lomaxii is based principally
on structurally preserved fossils in coal balls from
the Hough Hill Colliery, presently abandoned on
the south face of the hill 1 km south of Stalybridge,
near Manchester, in Cheshire, England (Stopes &
Watson, 1909). They come from the “Six Inch
Mine Coal” of the uppermost Millstone Grit, of
early Late Carboniferous age (early Westphalian
A; Tonks et al., 1931; Phillips, 1980) or about
320 million years ago (in time scale of Palmer,
1983). The distinctive stalked glands on these fossil
leaves, petioles, stems, and cupules were the main
evidence used by Oliver & Scott (1903, 1904) in
their reconstruction of this plant, which was the
first indication that some gymnosperms included
plants with fernlike leaves. There are additional
anatomical similarities between the various parts,
which are closely associated in coal balls and shales
(Benson, 1904; Oliver & Scott, 1903, 1904; Sew-
ard, 1917; Jongmans, 1952; van Amerom, 1968).

There has been considerable debate about the
likely prepollen organ of this plant. Benson (1904)
argued that it was Telangium scottii, but T. scottii
is nonglandular, and so more likely to have be-
longed with Lagenostoma ovoides. Kidston (1905,

1906) thought the prepollen organ was the fossil
now known as Crossotheca kidstonii (Hemingway)
Jongmans (1952) found attached to leaves in sid-
erite nodules of slightly younger geological age
(Westphalian B) in the Lancashire Coalfield. How-
ever, Jongmans (1952) pointed out that the at-
tached foliage belongs to another species of Sphe-
nopteris, lacking the characteristic stalked glands.
A third possibility figured by Seward (1917) is a
fragment of a petrified pinnule with an attached
sporangium on the abaxial side, and a nearby emer-
gence where it appears that another sporangium
may have fallen off. A similar specimen with glands
and stalks was figured by Kidston (1906, fig. 2).
Unitil this material is studied further, the prepollen
also remain poorly known, because those found in
the ovules are too badly corroded to be identified
with dispersed species.

Habit. Because of the small size of these stems
(up to 4.5 cm diameter), this plant has been con-
sidered a vine (Phillips, 1981). This was a common
habit for some Carboniferous seed ferns such as
Callospermarion pusillum (reconstructed here).
By comparison Lagenostoma lomaxii has a much
more prominent zone of mechanical tissue in the
cortex and a lesser development of secondary xy-
lem, and lacks asymmetric wood. This plant is also
very abundant locally (it may comprise up to 38%
by volume of some coal balls: Phillips, 1981). It
may have grown in waterlogged soils, because there
are lacunae within the cortex of the stems (Blanc-
Louvel, 1966). It was branched copiously, with
some very slender branchlets (Blanc-Louvel, 1966).
Both axillary and nonaxillary lateral branching have
been observed. For all these reasons we do not
think that Lagenostoma lomaxii was a vine. Nor
do we follow the reconstruction of Scott (1900),
showing the plant leaning for support on adjacent
trees. Instead, it was probably a shrubby plant with
a tangle of prop roots (Attim’s model of Hallé et
al., 1978).

Reproduction. Judging from compression fos-
sils (Jongmans, 1952) and the anatomy of cupule
stalks (Oliver & Scott, 1904), the cupulate ovules
were borne pinnately on fertile fronds or parts of
fronds. After pollination, the prepollen chamber
was occluded by growth of the central column
against the overarching sclerotesta of the ovule.

A considerable delay between pollination and
fertilization is likely. This would account for the
abundance of either ovules or of pollen organs of
allied species, but not both, in association with
compressed foliage. Jongmans (1952) has argued
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FIGURE 5. A4 reconstruction of Lagenostoma lomaxii of earliest Late Carboniferous (Westphalian A) age, from
Hough Hill Colliery, near Stalybridge, Cheshire, England.— A. Huabit as a swampland shrub.— B. Xylem model
of stem and petioles.—C, D. Schematic cross sections of stem and of root (respectively), showing mixed pith
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that pollen organs and mature ovules were pro-
duced, abscised, and then decayed during different
parts of the year. Compressions of conical cupules
lacking prominent ovules (Jongmans, 1952; van
Amerom, 1968) may have been fertile fronds with
immature ovules at or close to the time of polli-
nation. Petrified ovules containing megagameto-
phytes and archegonia are a good deal larger than
these remains and set within a bell-shaped cupule
with flaring lobes (Oliver & Scott, 1904).

Lagenostoma lomaxii may have been pollinated
by insects, considering the large size (averaging 55
by 70 pm) and coarse ornament of the prepollen
(Oliver & Scott, 1904), within the range found in
modern insect-pollinated plants (Whitehead, 1969).
A case also could be made that the capitate glands
were insect attractants, but we find this unlikely.
The distribution of glands over almost all known
parts of the plant is most compatible with inter-
pretation as organs to deter insect herbivory.
Winged insects were around in some diversity and
abundance by this geological period (Rolfe, 1980).

By the time the ovule was ready for dispersal,
it was about 5.5 by 4.5 mm in size (Oliver & Scott,
1904). The cupule appears to have spread open
and the capitate glands withered, judging from
compression specimens (Benson, 1904; Seward,
1917). Since many of these lacked attached ovules,
it is doubtful that the cupule played a role in dis-
persal.

Habitar.  This fossil plant is best known in coal
balls from Hough Hill Colliery near Stalybridge,
England (Stopes & Watson, 1909). Coal balls are
calcareous or dolomitic nodules found within coal
seams (Scott & Rex, 1985). Although modified
somewhat during burial (Rao, 1985), coal balls
developed as the peat accumulated, as a kind of
caliche nodule in peaty soils (Retallack, 1986). In
most swamps the development of such nodules is
limited by acidity. Coals containing coal balls form
under fen or carr vegetation of neutral to alkaline
wetlands, where acidity is buffered by a subhumid,
seasonally dry climate and nearby limestone bed-
rock.

The coal containing coal balls in Hough Hill
Colliery is interpreted here as the less decayed
(mor) humus layer of the organic horizon of a peaty

paleosol (Histosol) of permanently waterlogged
ground (Fig. 2B). It is underlain by a thick zone
of carbonaceous claystone (Tonks et al., 1931)
representing a more decayed (mull) humus, which
may have formed at a time during the development
of this soil when it was periodically better drained.
Below this dark clay is gray, leached clay with root
traces (“fireclay”). A thin zone of siderite (‘‘iron-
stone”’) represents a deep gley horizon of this older
paleosol (comparable to cases discussed by Retal-
lack, 1976).

This paleosol changes character along strike,
and in places the organic horizon (Six Inch Mine
Coal) directly overlies levee (Rough Rock Flags)
and channel deposits (“massive current bedded grit”
of Rough Rocks; Tonks et al., 1931) of a former
stream. Clayey soils (Entisols of Soil Survey Staff,
1975) of the stream levee supported vegetation
dominated by seed ferns, such as Alethopteris lon-
chitica and Mariopteris muricata (Stopes & Wat-
son, 1909, discussed this “flora in shales’), quite
different from vegetation of the swamp (the flora
in coal balls).

The former stream may have flowed into a la-
goon or bay, which ultimately inundated the swamp.
The shale overlying the coal contains marine fossils
such as goniatites (Gastrioceras sp. aff. G. listeri)
and scallops (Pterinopecten papyraceus, ?Posi-
donomya insignis and Posidoniella sp.: Tonks et
al., 1931) as well as plant fragments (Lepido-
dendron lycopodioides: Stopes & Watson, 1909).

In general, Lagenostoma lomaxii is found in
coal balls dominated by the remains of arborescent
lycopods (more than 90% by volume of the coal
ball assemblage: Phillips, 1981) and a variety of
understory ferns (Phillips, 1980). We envisage it
as a small bush of these lycopod-dominated wet-
lands. Vegetation of these permanently water-
logged woodlands was distinct from that of stream-
sides, which were dominated by other seed ferns.
There was not any detectable marine influence in
these lycopod woodlands, although coastal lagoons
may not have been far away.

Paleogeographic setting. Lagenostoma lo-
maxii is best known from coal balls in the upper-
most Millstone Grit (Stopes & Watson, 1909; Tonks
et al., 1931; Phillips, 1980). The same species is

—

(clumped stipple) , primary xylem (black), secondary xylem (cellular pattern), and mechanical cortex (radial
shading) .—E. Detail of leaf—F, G. Cupules with ovules.—H—_K. Longitudinal and transverse sections of cupulate
ovules, showing vascularization (heavy lines), multicellular megagametophyte (cellular pattern) and arche-
gonium (circle with central stipple) .—L. Longitudinal section of capitate gland.
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found also in shales of about the same age elsewhere
in the British Isles and western Europe (Jongmans,
1952).

In Cheshire, the coal accumulated as peat in a
coastal swamp on the northern margin of the Wales—
Brabant landmass (Anderton et al., 1979), which
was a promontory extending west into the moun-
tains of eastern North America (Ziegler et al.,
1979). During most of the Late Carboniferous this
was a subhumid part of the tropics, in the rain
shadow of mountains to the west (Bambach et al.,
1980). There were dry periods (perhaps seasonal)
and forest fires, which left charcoal in the swamps

(Scott, 1979).

PACHYTESTA ILLINOENSIS

Hypothesized reconstruction. Pachytesta il-
linoensis was similar to modern tree ferns in overall
appearance (Fig. 6). It probably grew on river and
deltaic levees and other open and slightly elevated
or disturbed areas of midcontinental North Amer-
ican coastal swamps of late Pennsylvanian (Ste-
phanian) age, about 296 million years ago. By this
time the dominant swampland plants were no longer
arborescent lycopods but marattiaceous tree ferns.
By comparison with these and modern tree ferns,
this plant had less copiously divided and more leath-
ery leaves (Alethopteris lesquereuxii Wagner,
1964). Its trunk (Medullosa noei Steidtmann,
1944) was formed largely of closely adpressed leaf
bases. It had a wide fleshy cortex and little woody
tissue. Large ovules of this plant (Pachytesta il-
linoensis (Arnold & Steidtmann) Stewart, 1954)
hung pendulously from beneath terminal pinnules.
Synangiate prepollen organs (Bernaultia formosa
(Schopf) Rothwell & Eggert, 1986) containing large
prepollen (Schopfipollenites ovatus (Schopf) Po-
tonié & Kremp, 1954) dangled in pinnate struc-
tures replacing parts of fronds. These fructifica-
tions were among the largest and most conspicuous
of Carboniferous swamps, and the prepollen grains

so unusually large and heavy that insect pollination
is likely. Among the great variety of Late Carbon-
iferous msects known, Paleodictyoptera such as
Homaloneura dabasinkast Carpenter (1964),
shown in our reconstruction, were the most likely
pollinators of these plants. After pollination, the
megagametophyte differentiated and the pollen
chamber was sealed by continued growth of the
outer integument. The large (2.5 by 4.5 c¢m) ovules
had well-developed fleshy layers of the kind at-
tractive to animal dispersers. Their sclerotesta could
have protected them from crushing and acids of
the digestive tract. Animals of that time sufhciently
large to swallow such ovules included reptiles, am-
phibians, fish, and sharks. With large food reserves,
the young seedlings could grow in the shade and
tolerate other adverse influences of competing
vegetation. Although this plant is associated with
disturbed, nutrient-rich parts of swamps, it was
probably not the earliest successional colonizer, but
a later species in plant succession.

FEvidence for reconstruction. Qur reconstruc-
tion is based on remains preserved in coal balls
from the bed of Sugar Creek 3.7 km northwest of
Berryville, Lawrence County, Illinois. Another well-
known locality is a tributary of Bonpas Creek 4.5
km east of Calhoun, in nearby Richland County,
Illinois. These are both from the Calhoun Coal of
the Mattoon Formation in the McLeansboro Group,
of Late Pennsylvanian (Stephanian) age (Phillips,
1980), or about 296 million years ago (in time
scale of Palmer, 1983). Our reconstruction may
also be valid for fossils from coal balls of the Herrin
No. 6 coal of slightly older (Westphalian D) Penn-
sylvanian age, where many of the species gathered
together here have been found in association (Phil-
lips & DiMichele, 1981). Because of the probability
of mosaic evolution, we do not mean to imply that
the whole plant existed in every locality where some
small part of it has been found. The attribution of
these various remains to one plant is based on the

—

FIGURE6. A reconstruction of Pachytesta illinoensis of Late Pennsylvanian (Late Carboniferous or Stephanian)
age, from Berryville, lllinois, US.A.—A. Habit as a palmlike tree of well-drained parts of swampland.—B.
Schematic cross section of adventitious root, showing secondary xylem (cellular pattern).—C. Cutaway model
of xylem and petiole traces of stem.—D. Detail of leaf —E. Cross section of leaf —F. Cross section of stomate.—
G, H. Lower and upper (respectively) cuticles.—I. Attached ovules.—J-L. Schematic longitudinal and transverse
sections of ovule, showing sclerotesta (stipple and rectilinear cellular pattern) and vascular strands (black).—
M. Detail of secretory gland, with black resinous contents in transverse section.—N. Detail of prepollen chamber,
apical end of megagametophyte and archegonium in longitudinal section. O. Cross section of prepollen, with
supposed sperm (black and subtriangular, above) .—P. Prepollen organs and a palaeodictyopteran insect.—
Q. Prepollen on hairy leg of insect.—R. Cross section of prepollen organ, showing glandular hairs (outer

margin) and internal secretory glands (black).
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anatomical similarity of petioles attached to leaves,
stems, and prepollen organs (Ramanujam et al.,
1974); the similar pollen found in prepollen organs
and ovules (Taylor, 1965); and close association
of different organs in coal balls (Schopf, 1948;
Taylor, 1965; Phillips, 1981).

Although preserved as petrifactions, splitting and
degaging of coal balls has revealed the nature of
the leaf, which conforms in shape and venation to
Alethopteris lesquereuxii var. cerverae Wagner,
1968 (Stidd, 1981), and has a cuticle (Ramanujam
et al., 1974; Oesiry-Stidd & Stidd, 1976; Reih-
mann & Schabilion, 1976, 1978) generally similar
to that of the compression species A. davreuxii
(Barthel, 1962). There are other alethopterid leaves
in coal balls at the main locality for this plant
(Berryville, Illinois), and these have blunter, short-
er, and straighter pinnules, more like the impres-
sion species A. bohemica and A. grandinoides
var. subzetlleri Mickle & Rothwell, 1982). Similar
impression fossils have been found in nearby In-
diana with numerous small ovules attached (Taylor,
1981, figs. 13~18A, B), and it is likely that this
second type of frond is the foliage of other small
fructifications, such as Pachytesta berryvillensis
and Dolerotheca villosa, also found in Berryville
coal balls (Schopf, 1948; Taylor, 1965; Phillips,
1980). There is only one other allied species in
these coal balls (Pachytesta hexangulata), and
this is much rarer than the other two (known from
only one specimen: Taylor, 1965).

Habit. Our reconstruction of Pachytesta il-
linoensis follows that of Stewart & Delevoryas
(1956), which is drawn as if it were a young plant.
Fossil stems of this plant range from 10 to 50 cm
in diameter. They probably were about 5 m high
and occasionally attained heights of 10 m (Wnuk
& Pfefferkorn, 1984). It is a common plant, yet
branches have not been found on long stem
compressions (Pfefferkorn et al., 1984), so it prob-
ably conformed to Corner’s architectural model (of
Hallé et al., 1978), as do modern tree ferns such
as mamaku (Cyathea medullaris) of New Zealand.
As in modern tree ferns, Pachytesta illinoensis
probably had a crown of about ten large leaves,
oriented so that a good deal of the trunk was visible
from the side (Wnuk & Pfefferkorn, 1984). Like
these modern plants also, it was perennial, growing
slowly by the development of new leaves above the
leaf bases of the old crown. The trunks were
strengthened somewhat by several bundles of wood.
These were not separate steles, but rather a single
eustele with secondary xylem and phloem devel-
oped in several separate bundles (Basinger et al,,

1974; Stewart, 1983; Smoot, 1984b). The base
of the plant was invested in adventitious roots,
although these did not cover the stem to the same
extent as in associated fossil tree ferns, and it was
more like New Zealand mamaku in this respect.
Like this modern plant also, the fossil trees lacked
lacunar spaces in their roots (Phillips, 1981).

The large, hemispherical, compound prepollen
organ (microsynangium) included numerous elon-
gated sporangia oriented perpendicularly to the flat
side. The pattern of their open ends in this flat
(lower) side is almost radial and has been inter-
preted to be homologous to an infolded stack of
bladelike synangia (Rothwell & Eggert, 1982,
1986) and, alternatively, to a branch of pinnately
arranged individual sporangia (Dufek & Stidd in
Stidd, 1981). By either arrangement and consid-
ering the number of vascular strands in its petiole
(Ramanujam et al., 1974), each large synangium
is the morphological homolog of a primary pinna
of a frond. We do not think that prepollen organs
were scattered randomly among otherwise sterile
fronds, an impression that could be gained from
ungcritical inspection of the reconstruction of Ra-
manujam et al. (1974). They were probably borne
pinnately in special fertile fronds or parts of fronds.
Such an arrangement has been demonstrated for
other synangia of closely comparable structure (Po-
toneia), but containing different prepollen (Taylor,
1982, pl. 6, fig. 2).

Ovules of Pachytesta illinoensis have not been
found attached, but their mode of attachment can
be inferred from similar compressions of ovules
found attached under the terminal pinnule of the
leaves (Crookall, 1959). We do not think that they
formed at the end of the pinna (as reconstructed
by Darrah, 1939: 95). Close inspection of these
specimens often reveals the terminal pinnule twist-
ed into a less-conspicuous upright position beside
the heavier and larger ovule (Croockall, 1959: 27,
figs. 1-5). Other related species of ovule have been
found attached farther back on the rachis of the
pinna (Halle, 1929; Wagner, 1968; Zodrow &
McCandlish, 1980).

Reproduction. The prepollen of Pachytesta
illinoensis had an alveolate exine ultrastructure
and was so large (300-350 um long by 200-250
pm wide) and heavy that it would not have been
dispersed far by wind. It was more likely dispersed
by insects (Taylor, 1978). The glandular hairs of
the microsynangium and the resinous internal glands
of both the microsynangium and ovules may have
produced a nutritional reward for pollinating insects
or have deterred their herbivory. Both organs also
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were enclosed in fleshy tissue, which may have
been nutritious.

It is uncertain which among the great variety
of Carboniferous insects known could have polli-
nated this plant, but several circumstantial lines of
evidence implicate Paleodictyoptera. These were
superficially like modern dragonflies, but, unlike
these modern carnivorous insects, had only narrow
sucking mouthparts (Kukalova, 1970). The ex-
ample we have shown in our reconstruction is Ho-
maloneura dabasinkasi Carpenter, 1964, known
largely from wings with camouflage color-banding
in siderite nodules of slightly older Late Carbon-
iferous age (Westphalian D) near Braidwood, Illi-
nois. Paleodictyopterans were active, flying insecis,
with large compound eyes and hairy legs: all fea-
tures of modern insect pollinators. Their sucking
mouthparts match in size and shape the fine borings
seen in petrified microsynangia and ovules (Schopf,
1948). The claim of paleodictyoptera as pollinators
of these plants could be regarded as diminished by
the discovery of prepollen like that of Pachytesta
illinoensis lodged in the leg joints of a large fossil
millipedelike creature (Scott & Taylor, 1983), but
it is unlikely that these extinct arthropods were
any more adventurous in the canopy than modern
litter-feeding millipedes (Rolfe, 1980). Coprolites
containing these prepollen also have been found
(Scott, 1977), but these cannot be atiributed to
any particular animal. A variety of animals prob-
ably ate these grains, both in the canopy and on
the ground.

As in all the seed ferns considered here, there
was a period of time between pollination and fer-
tilization. For ovules with such large megagame-
tophytes this was probably at least a few weeks.
Fossil prepollen grains within ovules of Pachytesta
illinoensis have been found with two large black
bodies (Stewart, 1954), which have been compared
to the ciliated, motile sperm of modern cycads
(Chamberlain, 1935). Such opaque “spots’ in pet-
rified cells also could be remains of decayed cy-
toplasm, as paleobotanists have learned from pain-
ful experience in the study of other fossils (Knoll
& Barghoorn, 1975). However, there is other pos-
sible cytoplasmic material in the medullosan pollen
grain in question.

The ovule of Pachytesta illinoensis was con-
spicuous in its large size (about 2.5 cm in diameter
and up to 4.5 cm long). Like many modern stone
fruits, the fossil ovules had well-differentiated sar-
cotesta and sclerotesta. The sarcotesta was espe-
cially thick near the apex, which was early to decay
or be eaten, judging from some specimens (Stewart,
1954). This succulent flesh may have attiracted

animal dispersers. The sclerotesta can be seen to
seal the micropyle in some specimens (Taylor,
1965). Similar stones in modern fruiis serve to
withstand crushing and acidity during passage
through the guts of animals (van der Pijl, 1972).
Of the array of known Late Carboniferous reptiles
and amphibians (Moodie, 1916; Reisz et al., 1982),
edaphosaurs, temnospondyls, and microsaurs were
large enough to have been able to swallow a fruit
this size. Considering the likely habitat of this plant,
the ovules could have been dispersed by fish, as
are some modern angiosperm fruits in the varzea
swamp forests of Amazonian Brazil today (Gotts-
berger, 1978). Large palaeoniscid fish and pleu-
racanth sharks were common within parts of the
Late Carboniferous swamps of Illinois (Zangerl &
Richardson, 1963; Zangerl & Case, 1973).

Individuals of Pachytesta illinoensis and relat-
ed plants appear to have borne fruit in massive
bursts, judging from local accumulations of petri-
factions and molds-and-casts of similar large ovules
(Seward, 1917, fig. 423; Tonks et al., 1931, plL.
IL; Taylor, 1965; Jennings, 1974). Such a repro-
ductive effort probably was not begun until after
a few years in the life of the plant. In modern
angiosperms, copious production of fruit ensures
that some remains unmolested by animals and is
especially common in trees with large fruits (Jan-
zen, 1978).

Habitat. This plant was preserved in coal balls
in the manner already described for Lagenostoma
lomaxii. Although Pachytesta illinoensis grew in
and near swamps, it lacked root lacunae usually
found in plants of waterlogged ground and thrived
in slightly elevated and nutrient-rich parts of the
swamp (Phillips, 1981). A similar habitat is indi-
cated by the bundle sheath cells (Krantz anatomy)
found around veins within petrified leaves, thought
by Baxter & Willhite (1969) to indicate the C,
photosynthetic pathway for this extinct plant. Like
modern plants using this pathway (Chazdon, 1978),
Pachytesta illinoensis may have been able to en-
dure hotter, sunnier, and drier sites than many
associated plants.

Leaves of the plant had thick cuticles, especially
on the adaxial surface. Stomates and hairs were
confined to the abaxial surface, and each stomate
was overhung by papillae borne on the subsidiary
cells (Ramanujam et al.,, 1974; Oestry-Stidd &
Stidd, 1976; Reihmann & Schabilion, 1976, 1978).
These are all features of sun leaves of plants subject
to deficiency of water or nutrients (Mickle & Roth-
well, 1982).

Such large ovules would have been able to main-
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tain the growth of seedlings, even under the shade
and other adverse influences of other plants, as in
modern plants of the “competitive strategy” (of
Grime, 1979). Although Pachytesta illinoensis is
geologically associated with disturbed and more-
elevated parts of the swamps, it may have been a
late species in succession, growing through and
then shading out the earliest successional plants.
In better-drained areas outside the swamps, similar
plants may have formed stable, long-term com-
munities, but within the swamp itself these plants
were less persistent than associated tree ferns and
lycopods (Phillips & DiMichele, 1981).

Judging from paleobotanical and palynological
studies of Calhoun coal balls (Phillips et al., 1974
Phillips, 1980), Pachytesta illinoensis formed a
minor part of vegetation dominated by marattia-
ceous tree ferns (with Psaronius spp. trunks and
Scolecopteris spp. and Asterotheca spp. fructifi-
cations). Lycopods (Sigillaria ichthyolepis) and
horsetails (Calamites retangularis) were moder-
ately common, and the rest of this diverse flora
was made up of rare cordaites, other ferns, and
seed ferns.

Ecologically, Pachytesta illinoensis probably
preferred elevated, slightly dryer, nutrient-rich parts
of the swamp where there was either sandy or
clayey soil or exposed dry, dusty peat. It was not
the earliest successional colonizer of such habitats.
In shale floras of stream and lake margins (Scott,
1979), calamites and small ferns appear to have
occupied that niche. In coal balls of peat swamps,
successional patterns are less clear (Phillips &
DiMichele, 1981), but weedy plants of erratic oc-
currence include other seed ferns (such as Callo-
spermarion pusillum reconstructed here), and small
herbaceous lycopods and horsetails. Nor were
Pachytesta illinoensis or allied plants part of ma-
rine-influenced swamps (mangroves) at this time.
This habitat was dominated by cordaites (Raymond
& Phillips, 1983).

Paleogeographic setting. The principal lo-
cality for our reconstruction of Pachytesta illi-
noensis is in Sugar Creek near Berryville, Illinois,
of late Pennsylvanian (Stephanian) age (Phillips,
1980). Illinois was then part of a large central
lowland within North America, bordered on the
west by mountains in what is now Nevada and
Montana, on the north by low hills and limestone
plateaus on the Canadian Shield, and on the east
by the Appalachian Mountains. These mountains
were much more imposing than they are today,
and more like the present European Alps (Heckel,
1977). Much of the mid continent was inundated
by shallow seas opening out on deep ocean in the
area of modern Texas. At the time the Calhoun
Coal formed, the sea extended only as far as west-
ern Illinois and Missouri. Most of central Illinois
was covered by a swamp, dissected by a large
stream system draining the granitic shield and car-
bonate plateau country to the north. This ancient
river is usually called the “Michigan River’” but is
in some senses a forerunner of the Mississippi (Stan-
ley, 1985). To the west in Indiana and Ohio were
more swamps and riverine lowlands. The present
area of Illinois was about 5° north of the equator
at this time, on the margin of the tropical humid
and subtropical subhumid belts (Heckel, 1977).
Evaporites formed in the dry climate of the present
area of the Black Hills of South Dakota. Climate
became increasingly humid southeastward toward
the equatorial Appalachian Mountains (Schopf,
1975).

CALLOSPERMARION PUSILLUM

Hypothesized reconstruction. We envisage
Callospermarion pusillum as a scrambling fernlike
vine (Fig. 7). It probably formed dense tangles in
moist, disturbed sites within and around Late Penn-
sylvanian swamp forests of tree ferns. Leaves of
this plant (Dicksonites pluckenetii (Schlotheim)

—
FIGURE 7.

A reconstruction of Callospermarion pusillum of Late Pennsylvanian (latest Late Carboniferous or

Stephanian) age, from near Berryville, lllinots, U.S.A.—A. Habit as a swampland early successional scrambling
vine.—B, C. Schematic cross sections of stem and root, showing primary xylem (black), secondary xylem
(cellular pattern), and mechanical cortex (radial shading) .—D. Xylem model of a node with petiole, bud, and
root traces.—E. Fertile pollen-bearing leaf —F. Pollen organ.—G. Monosaccate pollen with 2- and 4-cell
microgametophytes.—H. Fertile ovulate leaf.—I. Longitudinal section of young ovule.—J. Longitudinal section
of ovule at pollination time.—K-—N. Overview and cross section of mature ovules, showing vascular strands
(black) and sclerotesta (hachured), multicellular megagametophyte (equant cellular pattern), and archegonium
(circle with central stipple).—O, P. Monosaccate pollen from pollen chamber of ovule, one showing a pollen
tube.— Q. Cross section of leaf showing vascular bundles (hachured), secretory cells (open circles), and palisade
layer (vertical lines).—R, S. Upper and lower cuticles, both with stomates.
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Sterzel, 1881) had stomates on both sides and little
differentiation between the upper and lower sur-
face. The clambering stem (Callistophyton porox-
yloides Delevoryas & Morgan, 1954) was woody
and perennial. In addition to horizontal runners,
there were slender erect leafy stems and, at inter-
vals, stout adventitious roots, which arose in the
axils of foliage leaves or from within bifurcations
of the main axis. Pollen-bearing organs (Idano-
thekion callistophytoides (Stidd & Hall) Rothwell,
1980) and ovules (Callospermarion pusillum Eg-
gert & Delevoryas, 1960) were borne in zones on
the abaxial surface of foliage leaves otherwise nor-
mal in appearance. The numerous pollen organs
released abundant small saccate pollen (Vesicas-
pora schaubergeri (Potonié & Klaus) Jizba, 1962).
Pollination may have been by wind and possibly
occurred before the megagametophyte or pollen
chamber was fully differentiated. After fertilization,
which may have occurred on the ground, the seeds
were already worn back to their sclerotesta. The
numerous small seeds were probably dispersed
largely by wind and water.

Evidence for reconstruction. This plant is best
known at the locality near Berryville, Illinois, al-
ready discussed for Pachytesta illinoensis, and
also is known from nearby coal-ball localities such
as the one near Calhoun, Illinois. Reconstruction
of Callospermarion pusillum was based on the
similarity of secretory cavities in stems, sterile fo-
liage, ovules, and microsporophylls; on the occur-
rence of similar pollen in the pollen organs, in the
ovule pollen chamber, and dispersed; and on close
association of its parts (Stidd & Hall, 1970a, b;
Millay & Taylor, 1974; Rothwell, 1975, 1980,
1981).

Habit. The young stems have a nearly cylin-
drical mass of secondary xylem, a thin zone of
secondary phloem, and a subsurface zone of me-
chanical tissue formed from anastomosing bands
of sclerotic cells (dictyoxylon cortex: Rothwell,
1975; Smoot, 1984a). These were probably erect,
leaf-bearing stems. Older stems do not all have
such well-developed mechanical tissue, but rather
a thick bark and a large central asymmetric mass
of secondary xylem. These were probably horizon-
tal runners. Stout adventitious roots arose from
these runners, usually in the axils of leaves, but
also within the branches of the main axis (Kidston,
1924; Rothwell, 1975). Buds, petioles, and ad-
ventitious roots often arise from within the di-
chotomies of stems and leaves. These are false
dichotomies (Kidston, 1924) arising by develop-
ment of opposite branches with suppression of the

terminal meristem. This branching system is similar
to Leeuwenberg’s architectural model of plants pro-
posed by Hallé et al. (1978), although the two are
not strictly comparable because the leaf-borne fruc-
tifications of seed ferns are very different from
those of most modern plants. A similar architecture
is seen in the modern Australian and Southeast
Asian fern Gleichenia dicarpa.

The synangiate pollen organs were attached on
the underside of the leaves in a manner similar to
sporangia of marattiaceous ferns (Kidston, 1924;
Stidd & Hall, 1970a). They contain, however,
monosaccate pollen rather than fern spores. The
saccus is laterally expanded, so that it is superfi-
cially similar to bisaccate grains (Hall & Stidd,
1971; Millay & Taylor, 1974). As in modern bi-
saccate grains, the saccus of the fossil pollen formed
by detachment and expansion of the sexine from
the lamellated nexine. These fossil pollen also were
similar to those of modern gymnosperms in ger-
minating through the side of the grain opposite the
point of attachment in the original tetrad, unlike
the prepollen of the other Carboniferous seed ferns
already considered (Eggert & Millay, 1976).

Ovules and their attachment scars are found
over large areas of compressed fronds (Grand’Eury,
1905; Kidston, 1924). Ovules were attached at
the ends of veins near the abaxial margin of the
pinnules, and their micropyles faced inwards to-
ward the pinnule midribs (Loubiére, 1929; Roth-
well, 1980).

Reproduction.  Callospermarion pusillum was
probably wind pollinated, considering the moderate
size (37-54 pm long by 30-49 um wide: Millay
& Taylor, 1974) of its pollen and the large amount
of it produced. Saccae sometimes have been con-
sidered the *““wings” of wind-dispersed pollen, but
they are now thought to have served more for
orientation and flotation in an inverted pollination
drop (Doyle, 1945). Microgametophytes at the two-
and four-celled stage have been found in some
synangia (Millay & Eggert, 1974), indicating that
these were fully formed at the time of pollination.

In some coal balls, ovules have been found which
vary considerably in degree of maturity (Rothwell,
1971). Large fructifications of modern weeds of
disturbed habitats show comparable ‘‘continuous
flowering,”” thus improving chances that some
propagules will mature at an appropriate time
(Heinrich, 1976). The youngest ovules found are
small and weakly differentiated. At what is thought
to have been pollination stage, the ovule was small,
with an imperfectly differentiated seed coat and no
indication of a megagametophyte. A fossilized pol-
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lination drop has been reported in a closely related
species (Callospermarion undulatum: Rothwell,
1977), but it appears rather more resinous than
modern pollination drops (described by Doyle &
O’Leary, 1935b) and contains spores known to
belong to other plants (Rothwell, 1980). It may be
an exudate from the micropyle of a partly decaying
ovule rather than a pollination drop. Nevertheless,
larger ovules than this do contain pollen grains and
have a sealed micropyle, thus suggesting that ovules
were at this stage of development at the time of
pollination. With further growth after pollination,
the micropyle was occluded by growth and differ-
entiation of sclerotesta and sarcotesta as the mega-
metophyte developed. In the most mature ovules,
presumably already dispersed, there were several
archegonia at the apical end of the megagameto-
phyte, and the sarcotesta was abraded away.

A germinated pollen grain with a branched pol-
len tube has been found in the pollen chamber of
an immature ovule of a related species (C. undu-
latum; Rothwell, 1972). It could be that this pollen
tube merely served for nutrition and stabilization
of the pollen grain during its long wait until fer-
tilization was achieved by motile gametes. Alter-
natively, this pollen tube, or at least one branch
of it, may have delivered nonmotile sperm nuclei
to the archegonium (siphonogamy), as in living
conifers such as black pine (Pinus nigra = P.
laricio in Chamberlain, 1935). Rothwell (1980)
was impressed with the coniferlike development and
morphology of this plant’s ovules, pollen, and pollen
tubes, and thought that siphonogamy was more
likely.

The small ovules were dispersed individually, as
can be inferred from compressed leaves showing
only the attachment scars where ovules had ab-
scised (Kidston, 1923). The ovules were numerous,
small, and somewhat flattened, with narrow wings.
They were probably dispersed largely by wind and
water. The ovules were made in quantity, rather
than quality, thus maximizing the chance that at
least a few would find places suitable for germi-
nation, as in modern weedy plants (“ruderals” of
Grime, 1979).

Habitar. This reconstruction is based on spec-
imens from coal balls found in Sugar Creek north-
east of Berryville, lllinois (Rothwell, 1975, 1980),
and it is known from coal balls of comparable age
at several other localities in the mid-continental
U.S.A. (Phillips, 1980). This species of compressed
leaves (Dicksonites pluckenetii) has long been
known from compression floras of Britain and
France (Grand’Eury, 1905; Kidston, 1923), where

allied species of petrified plants have also been
found (Loubiére, 1929; Rothwell, 1981). Like
Pachytesta illinoensis reconstructed here, it was
locally abundant in swampy lowlands.

Several features of Callospermarion pusillum
can be construed as evidence that it was a plant
of moist, somewhat shady understory habitats. The
pinnules are attached along the middle of the rachis
of the frond (Rothwell, 1975), and there is little
differentiation between the upper and lower cuticle,
both of which are stomatiferous (Barthel, 1962).

Considering this and its weedy reproductive fea-
tures, we hypothesize that Callospermarion pu-
sillum was an early successional plant of disturbed
ground. This may have included stream margins,
tracts of forest devastated by hurricanes, locally
well-drained peat, forest defoliated by fire, or light
gaps around fallen trees. It lived among swamp
forests dominated by tree ferns during the late
Pennsylvanian (Stephanian: Phillips, 1980).

Paleogeographic setting.  This plant is known
from the Jocality of Pachytesta illinoensis already
described. Callospermarion pusillum lived in very
similar climate and general environment.

DICTYOPTERIDIUM SPORIFERUM

Hypothesized reconstruction. In our view,
Dictyopteridium sporiferum was a swampland tree,
widely distributed in cool-temperate regions of the
Gondwana supercontinent during Late Permian
time, some 245 to 253 million years ago (Fig. 8).
In Queensland and New South Wales, it grew in
an extensive system of intermontane valleys west
of a volcanic mountain range like that of the mod-
ern South American Andes, and east of the plains
and hill ranges of inland Australia. Its tongue-
shaped leaves (Glossopteris communis Feistman-
tel, 1876) were seasonally deciduous. They had a
thick adaxial cuticle and stomates sunken into the
abaxial surface. Their venation was reticulate, but
not organized into veins of different thickness, as
in modern angiosperms. Its wood (Araucarioxylon
bengalense (Holden) Maheshwari, 1972) was mas-
sive and coniferlike, with clear growth rings. Large
roots spread out horizontally from the trunk, and
the rootlets (Vertebraria australis McCoy, 1847)
had internal chambers, which may have allowed
growth in oxygen-poor, waterlogged, peaty soils.
Ovule-bearing (Dictyopteridium sporiferum Feist-
mantel, 1881) and pollen-bearing structures (Er-
etmonia sp. cf. E. hinjridaensis Surange & Ma-
heshwari, 1970) were borne on the midrib of leaflike
structures. These were arranged helically on fertile
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short shoots, but it is not certain whether these
shoots were bisexual or unisexual. Pollen sacs (Ar-
beriella africana Pant & Nautiyal, 1960) were
borne at the ends of slender, copiously branched
stalks. They dehisced longitudinally to release nu-
merous bisaccate, striate pollen grains (Protohap-
loxypinus limpidus (Balme & Henelly) Balme &
Playford, 1967). These plants were probably wind
pollinated. Numerous ovules (Stephanostoma
crystallinum (Pant) Pant & Nautiyal, 1960) were
borne on the underside of a leaflike organ and
loosely enclosed by its inrolled margins. The ovules
were interconnected by a meshwork of multicellular
hairs and probably also a good deal of mucilage.
By the time of fertilization the leaflike structure
bearing ovules probably was unfurled, shrivelled,
and decayed. Seeds were numerous, small, and
lightweight. They probably were scattered by wind.

Evidence for reconstruction.  This reconstruc-
tion is based on petrified material from near the
Homevale—Elphinstone road at the southwest prop-
erty boundary of Homevale Station (or “cattle
ranch’’), 87 km west-southwest of Mackay,
Queensland, Australia (Isbell, 1955; Gould & De-
levoryas, 1977). These petrified peats are part of
the Fort Cooper Coal Measures, Blackwater Group,
of Late Permian age (Jensen, 1975) or about 245
to 253 million years old (in time scale of Palmer,
1983). In these petrified fossils, sterile leaves are
anatomically identical to leaflike structures bearing
ovules; pollen is present in pollen sacs and in ovules;
the same kind of tracheids are found in leaves and
trunks; and identical secondary xylem is found in
trunks and around large septate roots (Gould &
Delevoryas, 1977).

These petrified fossils have not been named but
appear identical to several compression fossils from
the same region. The petrified fructifications are
the same size and elongate shape and enclose nu-
merous wingless ovules of the same size as compres-
sion fossils of Dictyopteridium sporiferum Feist-

mantel (1881) from Late Permian coal measures
of India (Surange & Chandra, 1975), Queensland
(as ““Cistella bowenensis” of White, 1964, and
“Plumsteadia microsacca’ of Rigby, 1971, 1978),
and New South Wales (Holmes, 1974; White,
1978). The petrified material also agrees closely
in size and anatomy with compression fossils of
ovules and pollen sacs comparable in age from India
(Pant & Nautiyal, 1960). The petrified pollen or-
gans have up to 17 pollen sacs in a cluster (Gould
& Delevoryas, 1977), more like the compression
genus Eretmonia than Glossotheca (as defined by
Surange & Chandra, 1975). Impressions of Er-
etmonia from New South Wales (White, 1978)
and a variety of “scale fronds” from Queensland
(White, 1964) have a thickened tip, most like
Eretmonia hinjridaensis Surange & Maheshwari
(1970). Most of the pollen from petrified remains
(Gould & Delevoryas, 1977) is identical to the
broadly defined dispersed species Protohaploxy-
pinus limpidus (Balme & Henelly) Balme & Play-
ford, 1967 (Foster, 1975; Rigby & Hekel, 1977).

Impressions of Dictyopteridium sporiferum from
Queensland have been found attached to leaves of
Glossopteris communis Feistmantel, 1876 (White,
1964; Rigby, 1971). Glossopteris communis is a
common fine-meshed leaf, like G. indica, G. lin-
earis, and G. angustifolia. This last-mentioned
species also has been considered the leaf of Dic-
tyopteridium sporiferum, although on less secure
evidence of association and venation density (White,
1964; Maheshwari, 1965). The petrified ovular
heads and associated leaves (Gould & Delevoryas,
1977; G.J.R., pers. obs.) were also fine-meshed
(veins about 0.2 mm apart), but they have a clearly
defined midrib of a size most like that in Glossop-
teris communis. Associated coarse-meshed Glos-
sopteris leaves in the Late Permian coal measures
of Australia belonged to quite different plants, as
shown by their attachment to nearly circular ovu-
late fructifications bearing winged seeds (Holmes,
1974; White, 1978). The petrified leaves of the

—

FIGURE 8.

A reconstruction of Dictyopteridium sporiferum of Late Permian age, from near Homevale Station,

Queensland, Australia.—A. Habit as a swamp woodland tree.—B-D. Cellular details of wood structure in
tangential and radial sections (respectively) —E. Cutaway reconstruction of secondary wood of basal trunk
and main roots.—F. Cross section of wood of small root, showing primary xylem at points between arms of
secondary wood.—G. Xylem model of small chambered root.—H. Ovulate fertile leafy shoot.—I Cross sections
of leaf, showing vascular bundles of midrib (circles with curved hachure), their sheathing sclerenchyma (black
ellipses) , upper palisade cells (vertical lines), and spongy mesophyll (irregular pattern).—J. Cross section of
stomate, showing cuticle (heavy outline) and cell walls (dotted and broken lines).—K-M. Transverse and
longitudinal sections of ovulate fertile structure and ovules, showing vascular traces (black) , woody integumentary
layer (stipple), multicellular megagametophyte (irregular pattern), and archegonium (circle with central
stipple) .—N, O. Lower and upper (respectively) cuticles of leaf, with stomates on under side only.—P. Pollen-
bearing organs.—Q. Dehiscent sporangia.—R. Striate bisaccate pollen.
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plant reconstructed here are hypostomatic, with
low papillae on the abaxial side, similar to the
cuticles of the compression species Glossopteris
waltonii Pamt & Gupta (1968), after which our
cuticular restoration was modeled.

Petrified wood of this plant, both within trunks
and its distinctive chambered roots, includes late
wood like Araucarioxylon arberi (Seward, 1919)
Maheshwari (1972) and early wood like 4. ben-
galense (Holden, 1917) Maheshwari, 1972 (Gould,
1975). We have chosen the latter name for our
reconstruction on the grounds of priority.

There have been some nomenclatural problems
also with the name for the root of this plant, which
Schopf (1982) decided should be Vertebraria aus-
tralis McCoy (1847). Only one species of Verte-
braria is recognized. This fossil species probably
includes remains of what were roots of numerous
species of glossopterid plants recognized from their
reproductive structures.

Habit. The overall habit of the plant has been
reconstructed from specimens of trunks showing
alternate and whorled branching (Gould & Dele-
voryas, 1977). The whorled specimen conforms to
Rauh’s architectural model of modern trees (Hallé
etal., 1978). The other trunks may represent other
growth forms but also could be old or damaged
trunks. Regularly whorled young trees and exten-
sively repaired and irregular old trees are char-
acteristic of many living conifers, of Ginkgo bi-
loba, and some angiosperms (Hallé et al., 1978;
Retallack & Dilcher, 1981). The wood of this plant
was like that of modern softwoods, with very narrow
unicellular rays and abundant pitting in the cross
field. It was a kind of wood apparently conservative
in gymnosperms and still found in many conifers
and in Ginkgo biloba (Beck, 1971).

Leaves were arranged in close helices on short
shoots, which in turn were arranged on long shoots
(Pant & Singh, 1974). The venation of the leaves
was a fine mesh, with a zone of much narrower
meshes and a sclerenchyma sheath forming a mid-
rib. There is a good deal of evidence that these
plants were seasonally deciduous: the noncoria-
ceous nature of the leaves compared with those of
associated and presumably evergreen conifers, well-
developed abscission scars at the bases of the pet-
ioles, and well-marked growth rings in its fossil
wood (Gould & Delevoryas, 1977; G.J.R., pers.
obs.). A variety of triangular scalelike leaves have
been found in association with these fossils (Wal-
kom, 1922; White, 1964, 1978). Some of these
were fertile scales, but others may have been young
leaves or protective scales of dormant winter buds.

Fertile structures were attached to leaflike or-

gans arranged in a closely spaced helix (Pant &
Singh, 1974). Fertile scales arranged on the same
short shoot as sterile leaves would have formed
distinct clusters (White, 1978). On some short
shoots there were up to three kinds of scales or
leaves (White, 1978), but there is no evidence that
any of these shoots were bisexual.

Pollen sacs were borne at the end of copiously
dichotomizing stalks arising from the midrib of a
scale leaf. Although much reduced, this epiphyllous
structure is similar to that found in seed ferns such
as Telangium affine (Kidston, 1923) and Diplo-
pteridium teilianum (Walton, 1926, 1931). In
many of these Early Carboniferous plants, the spo-
rangia were fused into bell-like synangia, but in
Dictyopteridium sporiferum the sporangia were
free, as in other enigmatic Early Carboniferous
plants (Skog & Gensel, 1980) and Late Devonian
progymnosperms (Beck, 1981). The walls of each
pollen sac were only one cell thick (Gould & De-
levoryas, 1977). They opened by way of a long,
sinuous slit (Pant & Nautiyal, 1960), which pre-
sumably developed because of diagonal stresses
arising during drying.

Ovules were borne on the underside of an in-
folded leaflike structure which was attached by a
long stalk to the midrib of the adaxial side of what
looks like an ordinary foliage leaf. This epiphyllous
structure also can be compared with fructifications
of Early Carboniferous seed ferns, such as Sphe-
nopteris bifida (Long, 1979b). The structure of
these fossils was anticipated in some studies of
impression fossils (Schopf, 1976) but did not be-
come clear until well-preserved petrified fossils were
studied (Gould & Delevoryas, 1977). In earlier
studies of impressions, they were thought to have
been bivalved cupules (Plumstead, 1958a) or brac-
teate cones (Surange & Chandra, 1975). The first
view is now thought incorrect, but the second in-
terpretation has gained some support from exper-
imental compaction of model structures (Rex, 1986)
and from cuticular studies of compressed speci-
mens (Chandra & Surange, 1976). In our view,
however, the three separate cuticles can be ex-
plained as (1) a central abaxial hair-bearing cuticle
with holes marking positions of ovule attachment;
as (2) a peripheral abaxial stomatiferous cuticle
with hair bases; and as (3) an adaxial thick non-
stomatiferous cuticle. A comparison of experimen-
tally deformed structures with compression fossils
indicates that some real biological diversity may
be reflected in the large number of generic names
for glossopterid fructifications (reviewed by Rigby,
1978), but some of them may be merely different
developmental and preservational states of the same
kinds of fructifications (Gould & Delevoryas, 1977).
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merous pollen grains. The combined release of pol-
len from a stand of trees could have produced
clouds of yellow dustlike grains. Considering the
amount of pollen produced and its moderate size
(32-46 pm in breadth and 14-26 um in corpus
diameter: Gould & Delevoryas, 1977), this plant
was probably wind pollinated. As in Callosper-
marion pusillum, the saccae may have served to
orient and float the grains in a pollination drop.
Stout striae on the body of the pollen grain also
may have functional significance, because similar
striate bisaccate grains were also produced by ap-
parently unrelated seed ferns in Permian coal
swamps of Siberia (Meyen, 1984). Mormon tea
(Ephedra spp.) has pollen with bands that strength-
en the grain against stresses arising from desic-
cation in a dry climate (Hughes, 1976). Striae on
the pollen of Dictyopteridium sporiferum may
have served to withstand stresses associated with
moisture losses during wind pollination.

At the time of pollination the ovule-bearing head
was infolded to enclose the ovules and an interovu-
lar mesh of unicellular hairs. Rigby (1978) has
suggested that these filaments were fungal hyphae,
from decay of the fossil. This seems unlikely con-
sidering their radiation from the micropyles of the
ovules without plugging them, the apparent lack
of damage tissue in petrified specimens (Gould &
Delevoryas, 1977), and the cuticularized hair bases
seen in macerated preparations (Pant & Nautiyal,
1960; Chandra & Surange, 1976). The filamen-
tous meshwork may have produced or trapped fluid
which bulged from the gaping lips of the underside
of the ovule-bearing structure, like pollination drop-
lets. Pollen of Dictyopteridium sporiferum en-
trapped in this material and floated and oriented
by their inflated saccae would have been pulled
into the micropyles of the ovules inside as the fluid
dried back along the guiding filaments.

Ovule-bearing heads have been found withered
and open, partly or wholly naked of ovules (Gould
& Delevoryas, 1977). The seeds of this plant lacked
wings or fleshy layers found in associated fossil
plants (Walkom, 1922; Holmes, 1974; Plumstead,
1963). They were numerous, small (0.8-1.5 mm
long: Gould & Delevoryas, 1977), and possibly
were shaken from the fructifications by swaying in
the wind (a ““wind ballist” of van der Pjl, 1972),
then dispersed widely by wind and water. The hair
bases appear to have been quite persistent on dis-
persed seeds (Pant & Nautiyal, 1960) and may
have aided dispersal.

Habitat. Leaves of this plant are abundant in
roof shales and clastic partings within coal seams,

seams (Jensen, 1975; Retallack, 1980b). These
plants lived in waterlogged muds, silts, and sands
(gleyed Entisols of Soil Survey Staff, 1975), as well
as in peaty organic substrates (Histosols of Soil
Survey Staff, 1975).

Trunks of this plant (Jensen, 1975, fig. 45;
Gould, 1975) and of glossopterids in general (Da-
vid, 1907; Plumstead, 1958b) had shallow root
systems. This kind of tabular root system is com-
monly found in modern plants of waterlogged hab-
itats (Jenik, 1978). Such a habitat also may explain
the peculiar construction of the roots of these plants,
in which xylem is restricted to narrow radial arms
and transverse platforms that enclose empty spaces
within the root. There has been some concern
whether these spaces were filled with parenchyma,
but calluslike groups of parenchyma cells on the
walls of mature examples is evidence that they
were originally empty (Gould, 1975). They may
have served for aeration of the root in oxygen-
poor ground, as in living crack willow (Salix fra-
gilis: Kawase & Whitmoyer, 1980).

The texture of the leaves, with an adaxial thick
cuticle and an abaxial stomatiferous and papillate
cuticle (Gould & Delevoryas, 1977) is similar to
sun leaves of modern angiospermous trees (Salis-
bury, 1927). This, together with the abundance of
these leaves, is an indication that these probably
were dominant canopy trees.

Modern riverside weed trees such as sycamore
(Platanus occidentalis) and sheoak (Casuarina
cunninghamiana) produce seeds in comparable
numbers and sizes to those of Dictyopteridium
sporiferum. Associated fossil seeds of other glos-
sopterid plants (Walkom, 1922) are generally larg-
er and more elaborate, thus supporting the view
that D. sporiferum was weedy in comparison. Judg-
ing from their sedimentary context, the earliest
successional plants were horsetails (Phyllotheca
spp.) and lycopods (Selaginella harrisii). Other
species of glossopterids were probably the dominant
plants of stable swamp woodlands. Associated os-
mundalean tree ferns (Gould, 1970) may have
formed understory shrubs and small trees. In con-
trast to those of Glossopteris, the leaves of these
tree ferns were delicate, like those of shade plants.
Higher land to the west, and perhaps also the
volcanic highlands to the east, were forested by
conifers (Walkomiella australis: Retallack, 1980b).

Paleogeographic setting. Dictyopteridium
sporiferum is exquisitely preserved in Late Perm-
ian silicified peat near Homevale Station and is
found as compression fossils in shales elsewhere in
the northeastern Bowen Basin (Jensen, 1975). This
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FIGURE 9. A reconstruction of Peltaspermum thomasii of Late Triassic (Carnian) age, from the upper
Umkomaas Valley, Natal, South Africa.—A. Habit as a shrub of seasonally wet bottomlands.—B. Abscission

scar and leaf traces of petiole base.—C. Leafy shoot.—D, E. Upper and lower (respectively) leaf cuticles, with
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basin is continuous to the south with the Sydney
Basin of New South Wales. Coal measures in the
Sydney~Bowen Basin accumulated in a broad in-
termontane depression between the plains and hill
ranges of inland Australia to the west and a vol-
canic, Andean-style mountain range to the east
(Jensen, 1975).

The eastern Australian part of the Gondwana
supercontinent was at very high paleolatitudes dur-
ing the Late Permian (Herbert, 1980). There is
no clear evidence of glaciation in the Bowen Basin
at this time, but there were probably alpine glaciers
on high mountains to the east. There are several
lines of evidence for a seasonal, cool temperate
climate throughout these lowlands. Growth rings
are seen not only on fossil wood (Rigby, 1971) but
also in the shells of marine shellfish, which were
much less diverse in this region of the world during
Late Permian time than in other formerly tropical
regions (Runnegar & McClung, 1975). Varved
lacustrine shales have been found with rafts of
leaves at the very top of the silty layer, overlain
by the thin shaley layer of the varve. This may be
explained as coarse material washed out by brisk
spring runoff and summer storms, followed by au-
tumn leaf fall and slow winter accumulation of clay
(Retallack, 1980b). Winters were not harsh by this
time, because osmundalean tree ferns were wide-
spread. They are represented by silicified trunks
and foliage in the Bowen Basin (Gould, 1970).

PELTASPERMUM THOMASI

Hypothesized reconstruction. This plant is
thought to have been a low-growing perennial shrub,
vegetating stream, pond, and lake margins within
temperate mesophytic woodlands and forests of
South Africa and other southern continents during
Late Triassic (Carnian) time, about 225 to 230
million years ago (Fig. 9). Its leaves (Lepidopteris
stormbergensis (Seward) Townrow, 1956) were
coriaceous, stiff, and fernlike. They varied from
pinnatifid to bipinnatifid and in the proportion of
stomates on either side of the leaf. This and the
blisterlike hydathodes covering the frond rachis and
the stem are features found in some modern water-
side plants. Leaves had clear abscission scars, so
it probably was a long-lived, perennial plant and
may have been seasonally deciduous. The pollen-

bearing (Antevsia extans (Frenguelli) Townrow,
1960) and ovulate organs (Peltaspermum tho-
masti Harris, 1937) were pinnately arranged, and
each frondlike structure formed a large paniclelike
fructification. Pollen (Monosulcites minimus Cook-
son, 1947) was moderately sized (23—-40 pm) and
produced in great quantity: both features of modern
wind-pollinated plants. The reconstructed plants
may have had a pseudostigmatic kind of pollination,
in which pollen adhered to the ovule or head and
only pollen tubes entered the micropyle, as in mod-
ern conifers with relatively inaccessible ovules and
nonsaccate pollen. Seeds of the fossil plant probably
were dispersed mainly by water.

Evidence for reconstruction.  This reconstruc-
tion is based largely on fossil compressions from
the black shales of ““Burnera Waterfall,”” where a
tributary creek of the Umkomaas River drops over
a scarp of the basal Molteno Formation, 4 km
southeast of Vergelegen Nature Reserve, Natal,
South Africa (our Fig. 2C; locality Umk 111 of
Anderson & Anderson, 1983). These shales form
the base of the Molteno Formation and are Late
Triassic in age (Yabeiella oppel-zone of Retallack,
1977; or Carnian in the marine time scale), which
is about 225 to 230 million years old (in time scale
of Palmer, 1983). The various fossil organs at-
tributed to this species have also been found in
association at other localities in South Africa, South
America, and New South Wales (Retallack, 1977;
Anderson & Anderson, 1983). The remains dis-
cussed were attributed to one plant by Townrow
(1960) for several reasons: the close similarity of
the cuticles of leaves, microsporophylls, and mega-
sporophylls; pollen found dispersed and in micros-
porophylls; and close association at several local-
ities.

Habit. This plant is mainly known from co-
riaceous, bipinnatifid to pinnatifid leaves. Unipin-
nate leaves also have been included in the genus
(Townrow, 1960). These have identical cuticle and
may be closely allied plants but are now placed in
the genus Pachydermophyllum (Retallack, 1981).
Also variable is the distribution of stomates on both
sides of the leaf in Lepidopteris stormbergensis.
They are usually more numerous on the abaxial
side but occasionally are more common on the
adaxial side, which can be distinguished because

-

stomates overhung by papillae.—F. Cross section of stomate.—G. Blisterlike structure on cuticle of petiole.—
H, I Ovulate fructification.—J. Reconstrucied longitudinal section of ovule, showing vascularization (heavy
lines) and resinous glands (black ellipses).—K, L. Pollen-bearing organ.—M. Monocolpate pollen.
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of its thicker cuticle and less-bulging venation. Such
a stomatal distribution is found in leaves of under-
story shrubs (Salisbury, 1927) and of waterside
herbs (Townrow, 1960). The peculiar blisterlike
swellings under hair bases on the stem and rachis
of this plant are similar to hydathodes in waterside
herbs such as water dock (Rumex hydrolapathum:
Townrow, 1960). A waterside understory habitat
seems likely, but we reconstruct this plant as a
small, much-branched, perennial woody shrub for
the following reasons. The leaves have thick cu-
ticles and were probably stiff and coriaceous. Leaf
bases with clear abscission scars and two leaf traces
have been found (Townrow, 1960). These were
abscised, perhaps seasonally. Slender stems of this
plant have also been found which have stomates
and blisters like those of the leaves (Townrow,
1960). Such stems are unlikely to have been the
main stem of a plant with a single palmlike stem.
It is more likely that these were short shoots of a
branched plant.

Pollen sacs and ovules were arranged radially
on more or less laminar organs, which were ar-
ranged pinnately. These pinnate structures formed
large, lax, paniclelike structures (Anderson & An-
derson, 1983, pl. 23, and possibly also their “fe-
male cone gen. C. sp. A.” of pl. 26).

Reproduction. 'Wind pollination of this plant
may be indicated by its copious production of
smooth, moderately sized (23~40 um) pollen. How-
ever, its large (5 mm long by 2 mm wide) pollen
sacs, with glandular bumps and borne in groups of
four, are distinct from the more numerous, non-
glandular, smaller pollen sacs of other Mesozoic
seed ferns usually regarded as wind pollinated, such
as Umkomasia granulata (also reconstructed here).

Ovulate fructifications have been found in sev-
eral different stages of maturation. The least-de-
veloped examples have only bumps rather than
obvious ovules underneath the ovular head (Re-
tallack et al., 1977). These may be remains at or
close to the time of pollination, when the ovules
and their elongate micropyles were not as obvious
as in other remains with ovules attached (Townrow,
1960).

Pollination by means of a pollination drop is
unlikely, considering the nature of the pollen grains.
Unlike the bisaccate pollen of related peltasperm
seed ferns such as Preroma (Harris, 1964) and
Townrovia (Retallack, 1981), Peltaspermum tho-
masii had nonsaccate pollen grains. This is also
true of some modern conifers such as western hem-
lock (Tsuga heterophylla) and Prince Albert’s yew
(Saxegothaea conspicua), compared with closely

allied conifers with bisaccate pollen (Doyle, 1945).
These modern conifers with nonsaccate pollen have
pseudostigmatic pollination, in which pollen grains
adhere to parts of the plant near ovules, and long
pollen tubes enter the ovules. The time between
pollination and fertilization in these conifers is no
less brief, compared with other conifers such as
pines (Doyle & O’Leary, 1935b), because the tip
of the pollen tube overwinters in the nucellus of
the ovule (Doyle & O’Leary, 1935a, c).

The largest ovules seen are attached singly or
in pairs to fructifications with abscission scars in-
dicating a former complement of about six ovules
(Townrow, 1960). The most complete remains lack
ovules, and the most common remains are of iso-
lated ovular heads only rarely with attached ovules
(Anderson & Anderson, 1983). Even at these stages,
associated ovules lack differentiation of woody and
fleshy integuments to the degree seen in associated
seeds, such as those of Umkomasia granulata.
Neither the ovular heads, which may have been
dispersal units, nor the ovules were adapted to
specialized modes of dispersal, and they probably
were scattered by wind and water.

Habitat. The black shale in the Umkomaas
Valley (Umk 111 of Anderson & Anderson, 1983)
is the deposit of a poorly oxygenated lake. The
lacustrine shale overlies a thin conglomerate, which
disconformably overlies floodplain deposits of the
Katberg Formation, of Early Triassic age (Lystro-
saurus zone). Such conglomerates at the base of
a shale are found often in abandoned channels
(oxbow lakes) of meandering streams (McDonnell,
1974).

At the Umkomaas Valley locality the shales are
overlain by a variety of paleosols in which the plants
may have lived (Fig. 2C). The so-called “oil shale”
overlying the black shales is a coal (du Toit, 1954)
and was probably a peaty soil (Histosol of Soil
Survey Staff, 1975) fringing the Oxbow Lake.
Overlying this are some very weakly developed
fossil soils (Entisols of Soil Survey Staff, 1975),
consisting of little-modified alluvium riddled with
fossil root traces. These are interpreted as early
successional soils of river levees. Above these are
red, clayey, noncalcareous paleosols with slightly
sandier surface horizons (probably Alfisols or Ul-
tisols). Their root traces, profile differentiation, and
degree of oxidation are typical for well-drained
forested soils.

Of these various possible habitats, we think that
Peltaspermum thomasii preferred the peaty lake-
side soils. Unlike other associated fossil plants, this
species lived very close to the lake, because it is
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equally abundant through the entire thickness of
the lacustrine shales (Townrow, 1960). There also
are reasons for regarding it as a waterside plant
(as already discussed). Peltaspermum thomasit has
been found in place in the organic layer and im-
mediately overlying carbonaceous shales of water-
logged, peaty paleosols at other localities, such as
Konings Kroon, South Africa (Kon 111 of Ander-
son & Anderson, 1983; G.J.R., pers. obs.) and in
Nymboida Open Cut Mine, New South Wales, Aus-
tralia (Retallack, 1977). In all of these localities
Peltaspermum thomasii is associated with Umko-
masia granulata.

Although a waterside and lowland plant, there
are indications that it could tolerate deficiencies of
water or nutrients. The stomates, for example, are
overarched by papillae on the subsidiary cells. The
blisters on the stems and leaves are comparable to
water control structures (Townrow, 1960), such as
salt glands or hydathodes (discussed by Esau, 1977).
Judging from its geological occurrence, it is more
likely that these peculiar features of the plant re-
flect growth in nutrient-deficient habitats rather
than lack of water. It may have been suited to
siliceous, nutrient-poor, streamside sands of point
bars, or acidic swampy lowlands.

The other local habitats revealed by paleosols
at the Umkomaas Valley locality seem less likely
for this plant, because there is evidence from other
localities that they were vegetated by other plants.
Entisols of streamsides may have been colonized
by broad-leaved conifers (Heidiphyllum) in drier,
sandy, and elevated areas, and by ferns (Clado-
phlebis sterile, or Asterotheca when fertile) and
horsetails (Veocalamites) in wetter places. Alfisols
and Ultisols of well-drained floodplain forests and
woodlands in contrast were dominated by other
seed ferns (Dicroidium elongatum and D. cori-
aceum) and a variety of plants with ginkgolike
leaves (Retallack, 1977). Within this mosaic of
vegetation, Peltaspermum thomasii is envisaged
as an understory plant of woodlands dominated by
Umkomasia granulata in periodically waterlogged
lowlands.

Paleogeographic setting. During Late Trias-
sic time the Molteno Formation formed an exten-
sive lowland piedmont north of the mountainous
Cape Fold Belt (Turner, 1978). The lower part of
the formation in the Umkomaas Valley lies dis-
conformably on older alluvial rocks, which may
have formed low hills flanking low ranges of much
older (Precambrian), resistant rocks to the north,
west, and east. This far north of the mountains,

streams laid down sequences of sediment of a type -

formed in loosely sinuous modern streams trans-
porting a mixed load of clay and sand (Turner,
1978; compare general models of Schurmm, 1981).

Climate in this region was humid and cool tem-
perate, perhaps seasonally snowy. This can be in-
ferred from the high paleolatitude of this part of
Gondwana (Anderson & Schwyzer, 1977). Late
Triassic fossil wood from South Africa (Walton,
1923) has well-marked growth rings, an indication
of strong seasonality. A humid climate is indicated
by the quartz-rich composition of Molteno sand-
stones (Dingle et al., 1983) from which most of
the easily weathered minerals have been lost. High
rainfall probably also accounts for noncalcareous
fossil soils and the dearth of vertebrate fossils in
the Molteno Formation (G.J.R., pers. obs., follow-
ing general models of Retallack, 1984).

UMKOMASIA GRANULATA

Hypothesized reconstruction. This was prob-
ably a woodland tree which dominated seasonally
waterlogged floodplains of extensive lowlands north
of mountains in the Cape region of South Africa,
and of other humid regions of Gondwana during
Late Triassic time, some 225-230 million years
ago (Fig. 10). The leaves of this plant (Dicroidium
odontopteroides (Morris) Gothan, 1912) had cal-
lused abscission scars, so probably were deciduous.
Its wood (Rhexoxylon tetrapteridoides Walton,
1923) was coniferlike, but with exceptionally wide
rays. Ovulate (Umkomasia granulata Thomas,
1933) and pollen-bearing structures (Pteruchus
Johnstonii (Feistmantel) Townrow, 1962b) of this
plant were pinnately organized, and the pinnate
structures were arranged helically in large panicu-
late fructifications. The copious production of mod-
erately sized (corpus averaging 46 by 32 um),
bisaccate pollen (Alisporites australis de Jersey,
1962) is compatible with pollination by wind and
possibly with a pollination drop. At ovulation, the
ovules were weakly developed, and their bifid, elon-
gate micropyles extended out below the margin of
the cupulate head that enclosed their inverted bas-
es. During subsequent development the ovule elon-
gated well below the cupule margin and gained a
sclerotesta with three broad ribs as the formerly
elongate micropyle withered away. Seeds were re-
leased as their stalk abscised and the bivalved cu-
pule spread open. The moderately-sized (3.7-7
mm X 2.2-5 mm) seeds were produced in great
numbers and protected by a sclerotesta from des-
iccation or damage during possible ingestion. They
probably were dispersed in a variety of ways, main-
ly by wind and water.
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FiGURE 10. A reconstruction of Umkomasia granulata of Late Triassic (Carnian) age from the upper Unkomaas
Valley, Natal, South Africa.—A. Habit as a tree of seasonally wet bottomlands.—B. Diagrammatic cross section
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Evidence for reconstruction. This plant has
been put together on the basis of compressed re-
mains of leaves, ovulate and pollen-bearing organs
with similar cuticle, and similar pollen grains in
pollen sacs and ovules (Thomas, 1933; Townrow,
1962a—c). These remains were first demonstrated
to be closely associated in the same locality (in the
Umkomaas Valley, South Africa) that also serves
as a basis for our reconstruction of Peltaspermum
thomasii. The association of these fructifications
and leaves is now known at most localities where
it is found in South Africa, South America, Aus-
tralia, and New Zealand (Retallack, 1977, 1980c).

Evidence that this plant was a tree of deciduous
woodlands and forests includes associated fossil
trunks, root traces, and the callused abscission scar
at the base of its leaves. Other lines of evidence
have been used in support of the idea that its wood,
atleast in South Africa, was Rhexoxylon tetrapter-
idoides Walton (1923). There is a close association
of Dicroidium with petrified wood of Rhexoxylon
pianitskyi at two localities in Argentina (Archan-
gelsky, 1968). Of the two species of Rhexoxylon
found in South Africa, R. tetrapteridoides is the
only one found in the Molteno Formation near, but
not at, the same localities (such as the Umkomaas
Valley; Walton, 1923; Anderson & Anderson,
1983) from which our reconstructions of Umko-
masia granulata and Peltaspermum thomasii
came. A petrified leafy shoot of Rhexoxylon pian-
itskyi from Argentina (Archangelsky & Brett,
1961) formed the basis for our reconstruction of
R. tetrapteridoides here, which we have assumed
also to have six vascular traces leading into the
petioles of the leaves. Because of this, Rhexoxylon
could not be the wood of associated conifer (such
as Rissikia or Heidiphyllum) or ginkgolike foliage
(such as Sphenobaiera), which had only one or
two vascular strands in their petioles. Nor does
Rhexoxylon show the girdling leaf traces or inti-
mately  admixed parenchyma and xylem seen in
the wood of cycads and cycadeoids, which presum-
ably produced associated foliage of Pseudoctenis
and Taeniopteris. Among associated seed ferns in
South Africa, Peltaspermum thomasii (as recon-
structed here) had only two leaf traces in the petiole

(Townrow, 1960) and is here reconstructed as an
understory shrub. Glossopteris verticillata is a
rare element with multistranded petioles of this
Triassic fossil flora, but it has been found attached
to stems in a much closer helix than apparent for
petrified Rhexoxylon pianitskyi or natural groups
of impressions of Dicroidium odontopteroides
leaves (du Toit, 1927; Thomas, 1952; Anderson
& Anderson, 1983).

Thomas’s (1933) numerous species of pollen
organs have been revised and reduced in number
by Townrow (1962a, b). This task has not yet been
completed for ovulate organs, although most of
these remains have been transferred to the genus
Umkomasia (Holmes, 1987). From our examina-
tion of Thomas’s specimens and preparations (in
the British Museum of Natural History), we think
that there are probably only three species. The
type species of Thomas’s three genera can be taken
as representative of these species, which can be
recognized by deeply incised cupular lobes (Umfko-
masia macleanii), weakly lobed cupule margins
(Umkomasia sewardii), and smooth, bivalved cu-
pule margins (Umkomasia granulata). These three
taxa also show cuticular differences comparable to
those found in the three associated species of Pteru-
chus by Townrow (1962a). Thus, the species name
Umkomasia granulata is used broadly here to
include several other named species (*“Pilopho-
rosperma” costulaium, “P.”’ geminatum, “P.”
paucipartitum, “P.” burnerense, “P.” nata-
lense, “P.” sp. type A, “P.” sp. type B, and “P.”
sp. type C), which we regard as different stages of
development and different parts of a large fructi-
fication. In the case of one of these species (“P.”
geminatum), Thomas (1933, 1934, fig. 12F)
thought that it had paired cupules, back to back.
From comparison of the branching pattern of this
specimen with the others, as well as our exami-
nation of its cuticular preparatioms, we interpret
this as a dehisced, bivalved cupule. The branching
pattern and small bractlike organs were regarded
by Thomas (1933) as evidence that these fructi-
fications were stalked, like the flowers of angio-
sperms. We prefer Townrow’s (1962a) interpre-
tation, developed for the pollen organ, that each

—

of wood showing wide parenchymatous rayys (black) and secondary wood (concentric dotted lines) .—C. Xylem
model of a small shoot and petioles.—D. Leafy shoot.—E, F. Upper and lower (respectively) cuticles of leaf,
both with stomates.—G. Cross section of stomate.—H, I. Pollen organ.—]. Cross section of head of pollen organ,
showing vascular traces (white circles) and pollen sacs (stipple) .—K. Bisaccate pollen.—L. Ovulate organ.—
M. Cupulate ovule at time of pollination.—N. Cupulate ovule at time of fertilization.— Q. Dehisced cupule.—
P. Longitudinal section of cupulate ovule, showing hairy inner side of cupules (irregular extensions) and

sclerotesta (stipple) .
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cupule is a homolog of a pinna, each “bracteole”
a sterile pinna, and the whole pinnate structure
homologous with a frond. This structure is in some
ways similar to the ovule-bearing cupule arising
from the dichotomy of a frond in early Carbonif-
erous seed ferns such as Sphenopteris bifida (Long,
1979b).

Habit. Judging from the trunks of Rhexox-
ylon tetrapteridoides found (up to about 16 cm
in diameter), this plant was a woodland tree (Ar-
changelsky & Brett, 1961; Petriella, 1985). A
trunk showing branch scars (Walton, 1923) pro-
vides evidence that the large branches were ar-
ranged in tiers that were not quite whorled. Like
Dictyopteridium sporiferum reconstructed here,
Umkomasia granulata probably had tiered
branching which became more irregular with old
age. This, and a long shoot and short shoot or-
ganization apparent from small petrified leafy stems
and leaf groups, is very similar to our envisaged
habit of Dictyopteridium sporiferum.

The leaves of this plant were variable in mor-
phology, as documented in detail by Anderson &
Anderson (1983). They may have belonged to a
complex of hybridizing species. The Andersons have
identified aberrant fossil leaves with narrow seg-
ments (Dicroidium coriaceum and D. elongatum)
in some parts of the frond, and wide ones (D.
odontopteroides) elsewhere on the same frond.
These may represent hybrid leaves. Disregarding
these as sports and considering variation in natural
populations of these leaves (Anderson & Anderson,
1983, figs. 3, 4), Unkomasia granulata probably
included leaves referred to Dicroidium odoniopte-
roides, as well as those which have been referred
to “D. lancifolium” and “D. obtusifolium.”

Stomates were distributed on both sides of the
leaf but were much more abundant on the abaxial
side, which had a thinner cuticle covered in papillae
(Anderson & Anderson, 1983; Petriella, 1985).
Fossil leaves have been found in radial groups and
with asymmetric basal petioles (Anderson & An-
derson, 1983).

The ovulate and pollen-bearing structures were
pinnately organized and helically arranged on a
larger stem (shown well in “Umkomasia sp. A”
and “Pteruchus sp. B illustrated by Anderson &
Anderson, 1983, 1985). Only the ovule-bearing
structure has been found in an apical position on
slender shoots (Thomas, 1933; Holmes, 1987).

Reproduction. Individual laminar heads of the
pollen organ bore hundreds of pendent, elongate
pollen sacs (Townrow, 1962a). Pollen grains were
bisaccate, nonstriate, and of moderate size (corpus

averaging 46 by 32 um in size: Townrow, 1962a).
It is likely that the saccae were areas of porous
exine (as indicated by Taylor et al., 1984, for a
closely allied fossil species, really from the Ipswich
Coal Measures near Dinmore, Queensland, ac-
cording to these authors’ erratum) rather than com-
pletely detached from the corpus. These are all
indications that Umkomasia granulata probably
was wind pollinated.

Only in specimens with small ovules does the
elongate micropyle protruding from under the cu-
pule appear to have been turgid and open. This
was probably the stage of pollination, because in
specimens with larger, more elongate ovules, the
micropyle is withered and torn. The pollen chamber
was narrow and tubular. It has been compared (by
Thomas, 1933) to the salpinx of Paleozoic seed
ferns such as Lagenostoma lomaxii reconstructed
here. However, there is no sign of a central column,
and it was not exposed like the salpinx. In these
respects it was more like the pollen chamber of
Callospermarion pusillum. Both were passive re-
ceptacles, not sealed from within by a plug of tissue,
but sealed by the overarching sclerotesta of the
integument. As the ovule enlarged and elongated,
three broad ribs developed in the sclerotesta. This
period of growth may have been when the mega-
gametophyte and archegonia developed during the
time between pollination and fertilization, as al-
ready described for Callospermarion pusillum.

Mature ovules and seeds were shed from the
cupules by abscission from their stalk and by the
cupule splitting into two lobes. Cupules at this open
stage, revealing fully the degree of lobation of their
margins, are the easiest of these remains to identify
(Retallack, 1977). The branching fructifications
found as fossils were presumably aborted or torn
from the trees during storms. Much more common
are isolated seeds, which were presumably the prop-
agules. The seeds were neither exceptionally large
nor small (3.5 to 7 mm long by 2.2 to 5 mm wide:
Thomas, 1933), nor especially woody or fleshy,
winged or spiny, even compared with the variety
of associated fossilized propagules (Anderson &
Anderson, 1983). They were probably dispersed
by generalized methods, mainly by wind and water.

Habitat. This plant is best known from the
Late Triassic locality in the Umkomaas Valley of
South Africa (Fig. 2C), already described for Pel-
taspermum thomasii. Remains of these species
drifted into a lake and were mixed with a variety
of other plants. Fossil leaf litters preserved in pa-
leosols at Konings Kroon, South Africa (locality
Kon 111 of Anderson & Anderson, 1983) and at
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Nymboida Open Cut, New South Wales, Australia
(Retallack, 1977) are better evidence of its habitat
and associated plants. As already discussed for
Peltaspermum thomasii, the soils were periodically
(probably seasonally) waterlogged in lowland flood-
plains. High soil acidity and deeply weathered par-
ent material of this humid region depleted nutrients
in these fossil soils. Stumps and root traces pene-
trate deeply into these carbonaceous paleosols
(Hatch & Corstorphine, 1909). This is unlike roots
of modern plants in permanently waterlogged soils
(Jenik, 1978). Although waterlogged for some part
of the year, thus retarding decay of carbonaceous
material in the soil (Retallack, 1984), these soils
were moderately well drained at other times.

Also relevant to the former habitat of this plant
are the distinctive wide parenchymatous rays of
the wood here included in our reconstruction. This
wood structure has been compared to that of mod-
ern vines, in which wide parenchymatous rays be-
stow flexibility (Walton, 1923). These plants are
unlikely to have been vines, considering their size,
but some flexibility may have been advantageous
during seasonal fluctuations in water availability
(Carlquist, 1975).

Judging from its abundance and likely stature,
Umkomasia granulata was probably a dominant
canopy tree of lowland mesophytic woodlands in
humid, cool temperate regions of Gondwana (Re-
tallack, 1977). Other trees included rare conifers
(Rissikia media) and plants with ginkgolike leaves
(Sphenobaiera stormbergensis). Among the
understory plants were other seed ferns (Pelta-
spermum thomasii), cycadophytes (Pseudoctenis
and Taeniopteris), ferns (Cladophlebis), and
horsetails (Neocalamites). These last-mentioned
pteridophytes also may have colonized disturbed
parts of the forest, because they are found in other
nearby localities (such as Konings Kroon localities
Kon 211 and 221 of Anderson & Anderson, 1983)
where they form distinctive early successional as-
semblages in very weakly developed paleosols (En-
tisols of Soil Survey Staff, 1975: G.J.R., pers. obs.).

Paleogeographic setting. Umkomasia gran-
ulata is best known from the same locality and
region as Peltaspermum thomasii.

CAYTONIA NATHORSTI

Hypothesized reconstruction. We recon-
struct this plant as a forest tree of an extensive
Middle Jurassic (Bajocian or 175 to 183 million
years old) coastal plain, in what is now northeastern
England (Fig. 11). Climate in England at this time
was subtropical, monsoonal, and seasonally dry,

with an annual rainfall within the humid range.
The compound leaves (Sagenopteris phillipsii
(Brongniart) Presl in Sternberg, 1838) of this plant
had four leaflets paripinnately arranged but so close
together that they appear palmately compound.
Leaves developed by elaboration of the apical re-
gion of an initial scale into the four leaflets and by
modification of the body of the scale into a petiole.
The adaxial cuticle of the leaflets was thick and
lacked stomates. The abaxial side had a thin cuticle,
stomates, and papillae. Both ovulate (Caytonia na-
thorstii (Thomas) Harris, 1940) and pollen-bearing
structures (Caytonanthus arberi (Thomas) Harris,
1941) were organized imparipinnately and ar-
ranged in a helix on slender axes. The pollen (Vi-
treisporites pallidus (Reissinger) Nilsson, 1958)
were moderately sized (22~28 um wide), bisaccate,
and produced in large quantities. These are typical
features of wind-pollinated plants. Pollen grains in
coprolites provide evidence that these were also
eaten by small animals that may have been effective
as pollinators. The ovules (Amphorispermum pul-
lum Harris, 1943) were borne on the inside of
fleshy, berrylike cupules. At the time of pollination,
ovules were small and poorly developed, and the
ovulate structure consisted of cuplike inrolled flaps.
Pollen were probably entrapped by a pollination
drop at the opening of the ovulate structures and
drawn back into the micropyles of the ovules along
a series of guiding filaments as the droplet dried
out. In mature cupules the ovules were completely
enclosed by the overarching pressure of the turgid
fleshy ““fruit” and by sealing the entrance with
bands of cutin and perhaps also of other substances.
The fleshy, berrylike cupules have been found burst
and split. They may have spilled ovules as they
fell on the ground. More effective in their dispersal
may have been reptiles and small mammals at-
tracted by these fleshy fructifications. The seeds
were fortified against crushing and acidity during
ingestion by their sclerotesta.

FEvidence for reconstruction. Caytonia na-
thorstii is best known from a thin (1 m) shale bed
(Fig. 2D) in the rock platform south of Cayton
Bay, Yorkshire, England (Harris, 1964). This is
the Gristhorpe Bed of the Cloughton Formation,
Ravenscar Group (Kent, 1980), and is Middle Ju-
rassic (Bajocian) in age, or some 175 to 183 million
years old (in the time scale of Palmer, 1983). This
plant has been reconstructed from compression
remains of leaves, buds, pollen organs, and ovule-
bearing organs with similar cuticles; from the sim-
ilarity of pollen in pollen sacs and ovules; and from
close association at several localities (Harris, 1964).
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At the best-known locality, Cayton Bay, the fruc-
tifications of most of the other associated fossil
plants are known to be different (Harris, 1961,
1964, 1969, 1979; Harris et al., 1974).

Habit. There is evidence from association with
poorly preserved fossil stumps (Thomas, 1925;
Black, 1929; Harris, 1971) in a forested paleosol
(Spodosol or Inceptisol, Fig. 2D) that this plant
was part of a mixed fern—cycadophyte—conifer for-
est. Its exact habit within this vegetation is less
certain. Harris (1971) has argued that Caytonia
nathorstii was a tree, as shown by finds such as
leaves attached to stout woody shoots and of bud-
like short shoots of young leaves. As he argued,
few shrubby plants have such stout leafy limbs,
and those that do are often more succulent or more
completely invested with leaf bases. Buds are typ-
ical of a perennial deciduous plant.

The four leaflets of the compound leaves appear
palmately compound but are paripinnately ar-
ranged with very close points of contact (Harris,
1951). The diffuse, anastomosing venation of leaf-
lets of Caytonia nathorstii is superficially like that
in leaves of Dictyopteridium sporiferum, also re-
constructed here. Sagenopteris differs from Glos-
sopteris in having compound leaves, a true midrib
to the leaflets, and secondary venation in which
radiating and dichotomizing veins are undeviated
by confluent strut veins. These differences from
Glossopteris have been indicated also by Delevor-
yas & Person (1975) for Mexiglossa leaves, which
we regard as closely related to, if not congeneric
with, Sagenopteris.

Fossil buds (Harris, 1964) indicate that short
shoots of leaves developed synchronously, presum-
ably after a period of leaf fall, then dormancy during
a harsh season. Leaves developed from the scalelike
organs by the differentiation of two orbicular apical
leaflets, followed by a second pair on either side
behind them (Harris, 1940). Most of the scales
became differentiated into the petiole of the com-
pound leaf. The developing leaves were pilose, as

are many young organs (Esau, 1977), but mature
leaves were glabrous.

The ovules and pollen sacs were arranged pari-
pinnately on leaflike structures on either side of
an axis, which had a different adaxial and abaxial
cuticular structure, more like a petiole than a stem.
The ovulate structure was unipinnate (Harris,
1964), and the pollen-bearing structure was bi-
pinnately arranged (Harris, 1951). These fructi-
fications probably formed paniculate structures, like
those of other Mesozoic seed ferns reconstructed
here.

Pollen sacs of this plant are thought to have
been attached to the abaxial side of the leaflike
microsporophyll (Thomas, 1925; Harris, 1964),
but the orientation of the ovules is more contro-
versial. For the following reasons we believe that
they were also morphologically abaxial, as were
the openings to the cupules. The most important
evidence is a single specimen of Caytonia na-
thorstii attached to another axis (Thomas, 1925,
pl. 12, fig. 16). This specimen was thought lost
(Harris, 1971) but was discovered during 1980 by
us in the paleobotany teaching collection of Cam-
bridge University. We confirm that the megaspo-
rophyll at right angles to the axis is attached, as
are two berrylike cupules displayed with their oc-
cluded opening crushed on top of their stalks. From
our interpretation of the creasing at the attachment
points, clearly visible in Thomas’s excellent pho-
tograph, the attachment does not appear twisted
into an unusual orientation. The occluded opening
of the fruit appears to be abaxial, and the ovules
enclosed by the fruit wall are also morphologically
abaxial. This is because, as Harris (1964) and
Reymanowna (1974) argued, the cupule is ho-
mologous with an infolded leaf. By our inter-
pretation, papillae and hair bases consistently
characterize the abaxial surface of leaves, micro-
sporophylls, and megasporophylls (Thomas, 1925;
Harris, 1940, 1964). In addition, the outer cuticles
of the cupules lack stomates and have a structure
in thinner areas (probably lenticels) very similar to

—

Ficure 11.

A reconstruction of Caytonia nathorstii of Middle Jurassic (Bajocian) age from Cayton Bay,

Yorkshire, England.—A. Habit as a tree of bottomland forest.—B. Leafy shoot.—C, D. Upper and lower
(respectively) cuticles of leaf, with stomates on lower side.—E—G. Successive stages in the growth of young
leaves.—H. Pollen organ.—I. Cutaway view of quadrilocular synangium.—]J. Bisaccate pollen.—K. Ovulate
organ at time of pollination.—L. Mature ovulate organ.—M. “Fruits” at time of dispersal.—N—-P. Cutaway
views of mature fruits and ovules.—Q, R. Longitudinal sections of ovule, showing sclerotesta (stipple and double
wall cells), “spotted layer” (heavy dimpled line), “aleurone layer” (black rectangles), and hair bases around

micropyle.
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the adaxial cuticles of the leaves (Harris, 1940).
Interpretation of the ovules as abaxial brings these
plants into line with closely allied plants and with
seed ferns as a whole.

We have taken pains to justify our reconstruc-
tion on this point, because it runs contrary to the
opinion of the leading authority on Caytonia na-
thorstii (Harris, 1940, 1964). Since the thickest
cuticle on the rachis of this fructification is on the
narrow side, Harris argued that the ovules of Cay-
tonia were morphologically adaxial. He interpreted
this as similar to the thicker adaxial cuticle of leaves
and pollen organ of this plant. We, on the other
hand, have pointed out other ways of viewing cu-
ticular homologs between different organs of this
plant and regard the thick narrow cuticle of the
abaxial side of the rachis as a structural thickening
that prevented drooping of the heavy cupules.

Reproduction. Tt is difficult to determine
whether fertile shoots of this plant were bisexual
or unisexual. Thomas (1925) argued that individual
plants were unisexual, because the best-preserved
fructifications of either sex were found in different
parts of the same bed. We confirmed this during
our own collecting. This is compatible with the view
that this plant, like modern plants that have uni-
sexual fructifications, was wind pollinated. The fos-
sil plant produced copious amounts of weakly sculp-
tured, moderately sized (22-28 um wide: van
Konijnenburg-van Cittert, 1971), bisaccate pollen.
Shriveling of the saccae on release, as observed in
modern pine pollen by Wodehouse (1935: 254),
would have greatly reduced the size of the pollen
grains. The central body of the grains is only 12-
18 pm long by 6—12 um wide (van Konijnenburg-
van Cittert, 1971). They could not have shrunk
this much because the sacci contained an internal
mesh of sporopollenin, in some ways like that found
in pollen from the corystosperm microsporophyll
Pteruchus (Pedersen & Friis, 1986). Some possible
evidence for animal pollination of this fossil comes
from small (4 mm diameter) coprolites full of these
pollen grains. These were produced by small ani-
mals that lacked the ability to digest sporopollenin
(Harris, 1964), perhaps a small arboreal mammal
or lizard. Australian honey possums (Tarsipes
spencerae), and a variety of other small animals
are known to be effective pollinators, even though
they are unable to fly, as is usual among the most
important modern pollinators (Rourke & Wiens,
1977). Apart from dinosaur footprints (Kent, 1980),
no fossil vertebrates or insects have been found in
association with these plants, but from what is
known of Middle Jurassic life on land elsewhere in
Britain (Clemens et al., 1979; Savage, 1984), there

were varied small mammals and arboreal gliding
and flying reptiles. Birds had not yet appeared,
and despite the diversity of insects at this time, the
fossil coprolites are too large for them.

As is common in modern conifers with bisaccate
pollen (Doyle, 1945), pollination may have been
aided by pollination droplets. In this case it probably
emerged from the mouth of the cupules at an
early stage of development, when they were little
more than infolded flaps (Harris, 1943, 1964). As
in Dictyopteridium sporiferum reconstructed here,
there may have been a reticulum of fillaments,
which guided pollen toward the micropyles of ovules
inside. Filaments were observed in preparations of
ovules by Thomas (1925) and Krassilov (1977)
but were not noticed by Harris (1933). Pollination
must have occurred when ovules were young and
the cupule was open, because later in development
the opening was sealed by inflation of the fleshy
fruit wall and the development of cutinous bands,
and perhaps also waxy or other substances (Harris,
1933, 1943). This subsequent development may
have disrupted internal filaments so that they were
difficult to see in mature fruits. This closure also
prevented penetration of clay in the fallen mature
fruits. Early ideas (Thomas, 1925) about stigmatic,
angiospermlike pollination of these plants were long
ago disproved by the discovery of pollen grains
within the ovules inside the cupules (Harris, 1933,
1940).

At maturity the berrylike cupules were swollen
and completely enclosed the ovules. Each ovule
had a well-developed sclerotesta. An enigmatic layer
within the ovular coat, the “spotted layer,” is quite
unlike a true cuticle, but nevertheless somewhat
maceration-resistant (Harris, 1958a). It could be
the basal layer of a zone of osteosclereids or lage-
nosclereids, as found in the seed coat of modern
soybean (Glycine max: Esau, 1977). Inside the
nucellus of the ovule was a layer of poorly pre-
served brown cell contents. Harris (1958a) called
it an “‘aleurone layer,”” which is a distinctive outer
enzyme-producing layer of the endosperm well
known in modern angiospermous cereals, such as
barley (Hordeum vulgare: Esau, 1977).

Dispersal of seeds may have been by bursting
on impact or by rotting of the cupule. Many com-
parably fleshy modern fruits with stony seeds are
animal dispersed. The same kinds of small reptiles
and mammals already discussed as possible polli-
nators of this plant may also have aided in its
dispersal.

Habitat. The fossiliferous shale (Gristhorpe
Bed) at Cayton Bay (Fig. 2D) is a sequence of flood
deposits overlying a thick (1.3 m), moderately de-
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veloped sandy paleosol with a white surface (E)
and orange-red subsurface (Bs) horizon (Thomas,
1925; G.J.R., pers. obs.). It was probably a base-
poor, forested soil (Gley Podzol of Stace et al.,
1968, or Spodosol or spodosolic Inceptisol of Soil
Survey Staff, 1975) of periodically waterlogged
lowlands. Stumps and large roots have been found
within this paleosol (Black, 1929). These are sur-
rounded by a layer of carbonaceous shale, which
when macerated yields many fruits and seeds of
Caytonia nathorstii and other plant debris. We
interpret this as an imperfectly decayed (mor) hu-
mus layer of leaf litter in a periodically (perhaps
seasonally) wet soil. Plants preserved in the over-
lying shales represent other leaf litter entrapped
as clay and floodwaters were slowed around the
trees, as in cumulic horizons of modern floodplain
soils (modern examples are discussed by Birkeland,
1984). The shale layer becomes more silty and
sandy higher towards the next overlying paleosol.
This reflects an increase in the power and fre-
quency of flood disturbance, which would have
introduced early successional species of plants not
usually found in undisturbed lowland forest.

A great variety of plants have been found in the
Gristhorpe Bed (Harris, 1961, 1964, 1969, 1979;
Harris et al., 1974). The commonest tree species
from near the base of the bed are the seed fern
Caytonia nathorstii and the taxodiaceous conifer
Elatides williamsonii.
likely to have been understory plants include the
osmundalean fern Todites williamsonii, the cycad
Nilssonia compta, and the cycadeoid Nissoniop-
teris vittata.

Other common remains

Caytonia nathorstii was not common in other
habitats in the coastal plains of Yorkshire. Fluvial
levees were colonized largely by ginkgoes (Ginkgo
huttonii: van Konijnenburg-van Cittert, 1971;
Nami, 1976) and other nearstream, early succes-
sional environments by horsetails (Equisetum co-
lumnare: Harris, 1961). Near-coastal peat swamps
were vegetated by cycads (Nilssonia kendallae),
cycadeoids (Ptilophyllum pectinoides), and czek-
anowskialeans (Sphenobaiera gyron); and the most
marine-influenced vegetation of tidal creeks was
dominated by another seed fern (Pachydermo-
phyllum papillosum: Thomas & Bose, 1955; Spi-
cer & Hill, 1979). Compared with these other
plants, Caytonia nathorstii, although a lowland
plant, lived in more inland and stable sites.

Paleogeographic setting. During Middle Ju-
rassic time Yorkshire was a flat deltaic coastal plain
between moderately elevated plateaus of older rocks
to the north, south, and east. To the west was a

shallow sea, which connected to the south past
several low islands and a broad shelf of tropical
reefs to the open Tethys Ocean (Sellwood, 1978).

Yorkshire at this time was at a paleolatitude of
about 35° north (Briden et al., 1974). Climatic
zonation was less marked than at present, and this
region enjoyed a subtropical climate (Hallam, 1975).
Overall rainfall was probably in the humid range,
considering the lush vegetation of pteridophytes
(Harris, 1961), noncalcareous and podzolic nature
of paleosols (Fig. 2D), and corrosion of the umbos
of fossil unionid bivalves (Wilson, 1948). Growth
zones in fossil shoots (Harris, 1971, 1979) are
evidence of seasonality. The harsh season was prob-
ably dry and a time of forest fires (Harris, 1958b).
As in modern continents at about this latitude and
orientation, climate was probably monsoonal and
winter dry (Hallam, 1975).

Discussion

The reconstructions given here range from vines
to stately forest trees, from plants of intertidal
swamps to those of well-drained soils in locations
ranging from the tropics to the high latitudes. These
extinct broadleaf plants appear to have occupied
many niches. In the face of such diversity it is
difficult to characterize seed ferns. Certainly, they
were not merely small swampland shrubs. They
were a prominent component of much late Paleo-
zoic and Mesozoic vegetation.

The seed ferns reconstructed here, representing
well-understood examples of these plants, have a
few features in common. They are all characterized
by fernlike leaves, ovule-bearing structures which
are leaflike or adnate to leaves, and gymnosper-
mous anatomy, more or less as originally envisaged
by Potonié (1899) and Oliver & Scott (1904) in
proposing the terms ““cycadofilicales” and “‘pteri-
dosperms.” However, we think it unlikely that they
form a natural group or clade, because the same
features distinguish other groups of plants, such as
cycads. The earliest gymnosperms were probably
seed ferns (Rothwell, 1982, 1986). Cycads, cy-
cadeoids, pentoxylans, ginkgoes, czekanowskians,
cordaites, conifers, and other gymnosperms all
probably were derived from seed ferns (Meyen,
1984). Seed ferns were thus central to the evo-
lutionary radiation of seed plants, and in this sense
represent a grade of evolution embracing the evo-
lutionary roots of these various other gymno-
sperms.

The phylogenetic relationships of gymnosperms
can be expected to become clearer as lineages of
seed ferns are better understood. Phylogenetic in-
ference is beyond the scope of this article, but we
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point out two quite different groups of seed ferns
to underscore the artificiality of seed ferns as a
taxon. The plants with fernlike prepollen (Stam-
nostoma huttonense, Lyrasperma scotica, Cala-
thospermum fimbriatum, Lagenostoma lomaxii,
and Pachytesta illinoensis) were different in many
ways from those with true pollen (Callospermarion
pusillum, Dictyopteridium sporiferum, Pelta-
spermum thomasii, Unkomasia granulata, and
Caytonia nathorstii). The group with fernlike pre-
pollen was similar in many ways to modern cycads,
whereas the others were more like conifers. The
second group includes both Paleozoic and Mesozoic
plants, some of which show a number of important
biological similarities (Reymanowna, 1974). The
supposed morphological gap between Mesozoic and
Paleozoic seed ferns, apparent in many general
discussions of these plants, may be seen as a study
bias. It arose from the varied experience of dif-
ferent investigators of these plants and from quite
distinctive styles of preservation and geological set-
tings for Paleozoic and Mesozoic plants, rather than
from the plants themselves.

A variety of seed ferns have been considered as
possible ancestors of angiosperms: especially forms
allied to the plants here reconstructed as Stam-
nostoma huttonense (Long, 1966, 1977b), Dic-
tyopteridium sporiferum (Retallack & Dilcher,
1981), and Caytonia nathorstii (Doyle, 1978).
Another gymnospermous group thought to be an-
cestral to angiosperms, the cycadeoids (Arber &
Parkin, 1907) were probably also derived from
seed ferns. The origin of angiosperms is still a
puzzle, for which more detailed understanding of
seed ferns is needed.

In our role as arbitrators of conflicting views on
the nature of the plants reconstructed here, we
have become aware of the ease with which mistakes
can be made. We do not imagine that our recon-
structions will be the last word (or image) for these
plants, and hope that they will serve as hypotheses
that stimulate as well as instruct.
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