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In situ spores have gone some way towards harmonising the prominent disparity between the Early Devonian
dispersed spore and megafossil records, greatly advancing but often challenging our understanding of early veg-
etation. Here, we investigate an elongate and a discoidal spore mass, yielding Emphanisporites epicautus Richard-
son and Lister and Emphanisporites sp. respectively from the early (not earliest) Lochkovian (Lower micrornatus-
newportensis spore assemblage biozone) of the Ross-Tewkesbury Spur (M50) motorway section in the Anglo-

g;)(:\;\:;rds. Welsh Basin, UK. We explore their morphology and spore wall ultrastructure using SEM and TEM. A paucity of
In situ useful phylogenetic characters precludes formal identification or description of the parent plants but a relation-
Charcoal ship to the rhyniophytes is hypothesised. A dearth of vascular tissues, however, necessitates their placement
Ultrastructure amongst the rhyniophytoids. Both the sporangial morphology and spore wall ultrastructure differs between
Palaeoecology the specimens, distancing them from each other and from other Emphanisporites species. While similarities

Early land plants exist, no unequivocal relationships with contemporaneous or extant taxa, or indeed lineages, can be made
using sporangial morphology or spore wall architecture. These differences lend further support to deliberations
that the ‘emphanoid’ condition was a consequence of convergent evolution. Using the dispersed spore record we
explore the paleoecology of the plants, which points towards them being minor components of the vegetation,
restricted to areas away from river catchment. This interpretation is redolent of the middle Lochkovian
cf. Horneophyton sp. (E. cf. micrornatus parent plant) from North Brown Clee Hill, but that plant may have been
restricted to a more specialised niche. What characterised the niches of these plants is uncertain, but they may
have been ephemerally water stressed, perhaps hinting at a moisture sensing function for the ‘emphanoid’

spore structure.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

Over the last 80 years a considerable amount of research has shed
light on the late Silurian - Lower Devonian vegetation of the Anglo-
Welsh Basin (e.g. Richardson and Lister, 1969; Wellman et al., 2000;
Edwards and Richardson, 2004; Edwards et al., 2014, 2021a, b; Morris
etal, 2011a, b, 20124, b). Essentially, research points towards a major
floral turnover near the Siluro-Devonian boundary, in which primitive
cryptospore-bearing plants gave way to apparently rapidly diversifying
tracheophytes and their immediate progenitors via an adaptive radia-
tion and later competitive replacement amongst the latter group
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(Wellman et al., 2000; Edwards and Richardson, 2004; Edwards and
Morris, 2014).

Palynomorph assemblages from the basin are particularly well
preserved and provide a nearly ubiquitous insight into floral diversity
and development through time. The excellent preservation and diversity
of dispersed spores mean they have been used to construct regionally and
internationally important spore assemblage biozones (e.g. Richardson,
1974; Richardson and McGregor, 1986; Richardson, 1996a), although
these remain problematic in the late Silurian and Earliest Devonian of
the basin (Edwards and Richardson, 2004). In contrast to the spore record,
the plant macrofossil record, whilst informative and diverse (e.g. Morris
etal, 2011a), provides less insight in terms of taxonomic richness, mainly
due to preservational bias. Caveats also exist in the dispersed spore re-
cord, however, principally when attempting to relate dispersed spores
to parent plants.

0034-6667/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Minute, charcoalified sporangia and spore masses have been instru-
mental for reconciling the macrofossil and dispersed spore records.
These often provide information for which, individually, neither can
offer (e.g. Fanning et al., 1988; Fanning et al., 1990; Fanning et al.,
1991a, b; Edwards et al., 1999; Morris et al., 2012b; Edwards et al.,
2014), although they are far from a panacea (e.g. Morris et al., 2018).
The sporangia and spore masses contain in situ spores often comparable
to dispersed spore species, and extensive work demonstrates that a
given sporangium or spore mass contains a single, or complex of,
spore species (e.g. Wellman, 1999; Morris et al., 2012a, b; Edwards
et al., 2014). Thus, they are useful for: (1) demonstrating a biological
link between the dispersed and macrofossil records, often allowing re-
construction of vegetation using dispersed spores without macrofossils
(although complications exist, e.g. Wellman et al., 1998b); (2) under-
standing aspects of anatomy and physiology of the plants, and,
(3) adding morphological characters which aid investigations into the
wider phylogenetic affinities of the plant and associated dispersed
spore species (Morris et al., 2018).

One prominent trilete spore genus in late Silurian and Early Devo-
nian assemblages is Emphanisporites McGregor. This diverse genus,
characterised by proximal, ‘spoke-like’ interadial (‘emphanoid’) muri,
reaches peak diversity in the Early Devonian. The genus is used exten-
sively in biostratigraphy but despite being widely reported, is consis-
tently rare in assemblages, typically comprising <6% of palynofloras
(Edwards and Richardson, 2000). The phylogenetic affinities of
Emphanisporites have been explored through ultrastructural analysis
of dispersed specimens (Taylor et al., 2011), and other workers have re-
ported a limited number of species in situ from the Pragian Rhynie Chert
(Wellman et al., 2004) and middle micrornatus-newportensis (MN)
spore biozone of the Anglo-Welsh Basin (Edwards and Richardson,
2000; Morris et al., 2012b) (Fig. 1). Understanding of affinities and
phylogenetic relationships remains clouded, however, with studies
pointing to at least two separate lineages producing the Emphanisporites
genus (Taylor et al., 2011; Morris et al., 2012b), leading workers to posit
that the structural, emphanoid features characterising the genus is
probably a result of convergent evolution.

Here, we present in situ Emphanisporites epicautus Richardson and
Lister and E. sp. from the lower MN spore biozone (early, but not earli-
est, Lochkovian) of the Ross-Tewkesbury Spur (M50) motorway section
in the Anglo-Welsh Basin. We use SEM and TEM to investigate the mor-
phology and ultrastructure of the specimens and deliberate their affini-
ties and wider phylogenetic relationships. We also explore spore wall
development in these Emphanisporites species and use the dispersed
spore record to deliberate on the palaeoecology of the parent plants.

2. Geological setting

The mesofossils were isolated from a fine beige siltstone, collected
by D. Edwards in 1986 from the Freshwater West formation (sensu
Barclay et al., 2015), 2 m above the Chapel Point Limestone member,
just south-west of Junction 3 on the northern side of the Ross—
Tewkesbury Spur (M50) motorway (near the 29.5-furlong marker
post, fig. 2, Allen and Dineley, 1976) (Fig. 2). The lower Freshwater
West formation was deposited in a seasonally semi-arid, terrestrial-
fluvial setting by variously meandering perennial and ephemeral
sandy streams and rivers (e.g. Allen and Dineley, 1976; Morris et al.,
2012c).

Analysis of the dispersed spore assemblage from the sample identi-
fied Streelispora newportensis Richardson and Lister, Emphanisporites
cf. micrornatus Richardson and Lister and Chelinospora vermiculata
Chaloner and Streel, alongside an absence of E. micrornatus Richardson
and Lister. This assemblage is indicative of the lower micrornatus-
newportensis subzone, with E. micrornatus proper not appearing until
the middle subzone of the MN biozone. The location of the assemblage
in the lower MN subzone indicates an early, but not earliest, Lochkovian
age (Early Devonian) for the specimens described herein (Fig. 1).
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Fig. 1. Stratigraphy and spore assemblage biozones of the upper Silurian and Lower Devo-
nian of Great Britain from which specimens containing in situ Emphanisporites spores have
been described - numeration is in order of publication. (1) cf. Horneophyton sp. and nu-
merous fragmentary Salopella-esque sporangia in Edwards and Richardson, 2000 (2);
Horneophyton lignieri in Wellman et al., 2004; (3) Discoidal spore mass in Morris et al.,
2012b; (4) Elongate? and discoidal spore masses, this study. Figure modified from Ed-
wards and Richardson (2000). Age constraints from GSA Geologic timescale v. 5.0
(2018). Constraints on stratigraphic positions of in situ Emphanisporites: (1) Edwards
and Richardson (2000); (2) Wellman et al., 2004 (approximate); (3) Morris et al.
(2012b); (4) Edwards et al. (1994), Allen and Dineley (1976).

In terms of other Anglo-Welsh Basin mesofossil localities, the lower
MN subzone placement means that the M50 assemblage predates the
North Brown Clee Hill (NBCH) locality (middle MN subzone,
Lochkovian) (e.g. Morris et al., 2012a, b; Edwards et al., 2014) (Fig. 1)
but is younger than the Ludford Lane locality (tripapillatus-spicula
biozone, earliest Pridéli)(Jeram et al., 1990; Edwards, 1996).

3. Material and methods
3.1. Bulk maceration

100 g of 15-50 mm sized fragments from sample 19M50-26 were
selected for bulk maceration. The samples were not ground down or
otherwise processed before bulk acid maceration. 200 ml of concen-
trated hydrochloric acid (HCl) was added to the samples, which were
then left for five days, allowing time for carbonate digestion. The HCI-
sample mixture was then diluted with water seven times. The diluted
mixture was then poured off as far as possible, waiting twenty-four
hours between individual dilutions to allow settling. 100 ml of 40% con-
centrated hydrofluoric acid (HF) was then added to digest silicates that
were adhering to the mesofossils and left for two days. The HF solution
was then diluted eight times with water, again leaving twenty-four
hours between each dilution to allow for settling. The diluted solution
was then sieved through an 80 um nylon mesh. Organic matter >80
um was collected for picking.

3.2. SEM

Mesofossils were picked from macerated material using a single-
bristled paintbrush under a Vickers dissection microscope and individ-
ually mounted on SEM stubs with mounted graphite discs. Samples
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Fig. 2. a: Extent of the Anglo-Welsh Basin in South Wales and the Welsh Borderlands, scale
bar 200 km. b: Geological map of the Ross-Tewkesbury Spur M50 motorway. Red circle in-
dicates approximate site of mesofossil horizon. Scale bar: 500 m. Map based on Ordnance
Survey and British Geological Survey Data, modified from Digimap ®. British National Grid
projection lines.

were then covered and left to dry. Following drying, samples were gold
coated using an Edwards S105B sputter coater for three minutes, prior
to imaging with a Tescan Vega-3 Scanning Electron Microscope at
15-20 KV. Following initial examination and photography, samples
were recoated with gold for a further three minutes to reduce any
charge and rephotographed where necessary.

3.3.TEM

Once examined under SEM, a fragment (approximately half) of each
spore mass was prised from the carbon tab using a steel razor blade and
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placed in a solution of pure ethanol. Samples were then sent to the Uni-
versity of Wisconsin Eau-Claire for TEM analysis by WAT. The spore
masses were not oxidised or stained prior to imaging. The specimens
were sectioned using a diamond knife before imaging with a JEOL-
2010 Transmission Electron Microscope.

34. Curation

All SEM stubs and 19M50-26 sample and light microscope slides are
housed at the Centre for Palynology at the University of Sheffield, West-
ern Bank, Sheffield, S10 2TN, UK. All other light microscope slides are
housed in the Micropalaeontology Unit at the Natural History Museum,
London, SW7 5BD, UK. All TEM blocks and sections are curated in the
Department of Biology of the University of Wisconsin-Eau Claire, Eau-
Claire, WI, 53706, USA.

4. Results

Two specimens bearing in situ Emphanisporites spores were recov-
ered (Table 1) alongside abundant spore masses, sterile axes and
other 'phytodebris'. Both show varying degrees of completeness and dif-
ferent morphologies (Fig. 3). No sporangial cell walls or subtending axes
have been observed in either of the specimens, but some acellular ma-
terial is preserved. The occurrence of single or closely similar spore
types, the absence of interspersed cuticular sheets, plant debris or
tubes and the morphology of the specimens indicates that they are
not coprolites. Sporangia and spore masses differ as the former exhibit
enclosing sporangial wall layers, and while both specimens exhibit
some remnants of an acellular wall layer, we refer to them here as
spore masses given their largely incomplete nature. Both of the speci-
mens were examined under SEM and then TEM. Light microscopy was
attempted, but this was unsuccessful for both specimens. Whilst frag-
mentary, no saprotrophic encrustations or other evidence of decay,
such as tubules, were observed.

4.1. Specimen ABM5015-001: Emphanisporites epicautus Richardson and
Lister in an elongate spore mass (Plate I, a-d)

4.1.1. SEM observations

4.1.1.1. Spore mass. A large, incomplete spore mass appearing to be elon-
gated, possibly originally being cylindrical (Plate I). A distinctive ‘lump’
is developed on one edge and the specimen appears to bend slightly to
one side, away from the ‘lump’ (Plate I, fig. a, arrow). No subtending axis
or sporangial wall cells are preserved. The mass is compressed and flat-
tened with little three-dimensional shape retained. The spore mass has
a total length of 1540 pm and is 725 pm at its widest point. A small
amount of acellular material adheres to the specimen, but no sporangial
wall cells are preserved which leaves numerous in situ spores readily
observable. A small amount of amorphous material adheres to some of
the spore mass and in situ spores and appears to form an intersporal ma-
trix.

4.1.1.2. In situ spores. The spores are relatively well preserved with lim-
ited damage, despite the fragmentary and compressed nature of the
spore mass. Some pitting, folding and pyrite growth is present, along-
side common extraneous material which is present across most of the
spores - this material does not obscure spore structure, however. This
extraneous material is angular to approximately spherical in habit, up
to 1 um wide. Spores have circular ambs, 26 pm to 38 um (10 measured),
mean size 33 pm. Proximally, the spores exhibit an emphanoid orna-
ment of 8-12 very fine interadial muri, typically 0.7 um wide, in each
interadial area. The trilete mark has lips but is relatively indistinct and
there is an apical thickening. The triradiate mark extends approximately
2/3rds of the spore radius before diverging into fine curvaturae
perfectae which are not greatly invaginated at the radial points. Distally
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ABM5014-008

Fig. 3. Outlines of the spore masses described in this paper(Table 1). Scale bar 200 pm.

and equatorially the spores are laevigate. In situ spores show some var-
iation in the apical thickening and interadial muri.

4.1.1.3. Comparisons with the megafossil and dispersed spore record. The
incomplete nature of this spore mass makes it difficult to relate it to a
megafossil genus, given the absence of complete morphology and key an-
atomical features. The gross shape may suggest the sporangium was elon-
gate, perhaps cylindrical, in life, rather than discoidal or reniform, but the
shape may result from fortuitous breakage. Elongate sporangia are com-
mon in compressed megafossils, variously seen in Salopella, Tortilicaulis
(Edwards et al., 1994) and other unnamed compressed mesofossils (e.g.
Morris et al., 2011a). The spore mass does not appear to have been
bivalved, there is no indication of tapering and the presence of
Emphanisporites species rather than Apiculiretusispora species precludes
assignment to Salopella. Similarly, inter alia, the rounded tips and tapering
apices of Tortilicaulis are not observed, precluding assignment to that
genus. The lump on one side of the spore mass may suggest that the spo-
rangium was bifurcating in life, perhaps reminiscent of Horneophyton
lignieri (Kidston and Lang) Barghoorn and Darrah sporangia, or cf.
Horneophyton sp., although this is tenuous; perhaps less speculatively it
is a result of breakage. Ultimately, the lack of specimens and morpholog-
ical characters exhibited on the spore mass precludes us from making a
formal description or placement of the spore mass.

Table 1

The size range and mean size of spores, character and number of
interadial muri, excellent curvaturae perfectae and probable apical
thickening on most of the in situ spores corresponds well with the de-
scription of E. epicautus Richardson and Lister. Those that differ (Plate
I, fig. d) are reminiscent of E. cf. epicautus sensu Richardson and Lister,
having the apical ‘bald’ region where interadial muri fail to reach the
proximal pole, and a similar extent, number and robustness of the
interadial muri and distinct curvaturae perfectae.

4.1.2. TEM observations

The specimen is heavily compressed and brittle, offering suboptimal
preservation but examination of the ultrastructure remains possible.
‘Chattering’ occurs across the spore wall (vertical lines across entirety
of specimen), which is a methodological artefact derived from the spec-
imen being brittle (described in Taylor, 2002). Fig. 4a illustrates the wall
ultrastructure of an E. epicautus spore, as sectioned through the equator,
Fig. 4b is a schematic diagram of the ultrastructure. The internal wall ul-
trastructure is entirely homogenous with no lamellae or differentiation
of the exine. Because of the angle of sectioning of the spore, it is difficult
to ascertain which is the proximal and distal hemisphere; regardless,
both are similar in thickness of ¢. 1 um. Compression makes the lumen
unclear across much of the specimen, but a part is visible near the centre
of the spore (Fig. 4b, arrow 2).

Specimens described in this paper. Dimensions describe the widest and longest portions of the spore masses. * ten in situ spores measured: smallest (mean) largest; | estimated number of
spores in each spore mass (nearest 100), calculated by (0.74 x Volume of spore mass(rir*h)/ Volume of mean spores (4mr>/3), assuming (1) spores are perfect spheres giving rhombohedral
packing to give a porosity of 26%, and (2) that sporangia are cylindrical, following Wellman (1999).

Specimen Description In situ spore Dimensions Spore size* c. Number of sporesf
ABM5015-001 Elongate spore mass E. epicautus 1540 x 725 pm 26 (33) 38 ¢. 6200
ABM5014-008 Discoidal spore mass E. sp. 909 x 969 um 28(32) 40 ¢. 5500
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Plate 1. SEM micrographs of spore mass yielding in situ Emphanisporites epicautus, ABM5015-001. A: Spore mass. Note apparently elongate slightly bent structure with distinctive ‘lump’
about the middle-upper margin (arrow), scale bar: 500 pum. b: In situ E. epicautus, note the apical thickening and thickened Y ray terminations (arrows). Consider also the well-defined
curvaturae perfectae, fine inter-radial muri and concave proximal face. This specimen also shows the rare cubic to spherical excess mineralisation; c: Subcircular E. epicautus, note
again the thickening at the proximal pole and fine interadial muri; d: an in situ spore redolent of E. cf. epicautus, exhibiting the much larger apical thickening (apical ‘bald patch’,
arrow) on the proximal face and slightly coarser interadial muri relative to E. epicautus proper; this specimen also shows the amorphous material found across the spore mass adhering

to the spore. Scale bars 10 um.

4.2. Specimen ABM5014-008: Emphanisporites sp. in a discoidal spore mass
(Plate II, a-g)

4.2.1. SEM observations

4.2.1.1. Spore mass. Approximately discoidal in plan, it is compressed but
retains some three-dimensional shape. The spore mass has a length of
¢. 909 pm and a width of ¢.969 pm. The gross morphology of the spore
mass is visible, although some cracking is observed and portions have
been cleaved off. The edges of the mass are damaged, and no subtending
axis is present. Limiting material is present across some areas of the
spore mass but is largely lost. This material is acellular, variously adher-
ent and largely unstructured aside from small, randomly orientated
folds. Areas without limiting material expose numerous in situ spores.
No evidence of saprotrophy is observed.

4.2.1.2. In situ spores. The spores are reasonably well preserved although
folding, pitting and proximal face loss affect them. Apparent extraneous
material is present and variously coats the spores, although never signif-
icantly so. Spores have a subtriangular to circular amb, 27-38 um, mean
32 um (nine measured). The proximal face is distinctly concave, and
interadial areas are ornamented by 8-10 robust, straight, tapering
interadial muri which are 2 um at their widest point at the inner crassi-
tude. Muri become more distinct towards the equator and show some
tapering towards the proximal pole, petering out before they reach it.
A thickening is present, extending approximately ! of the length of
the triradiate mark at the proximal apex. The triradiate mark is distinct,
accompanied by well developed, tall lips up to 2 um wide which rise
above the interadial muri. Rays extend 24 to 3/ of the radius of the
spore before reaching the inner crassitude. The robust equatorial region
is 3-4 pm wide and is sometimes laevigate but chiefly exhibits small
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Al

Fig. 4. TEM micrograph showing the ultrastructure of in situ Emphanisporites epicautus. Note the ‘chattering’ occurring as vertical lines across the specimen. The black line along the ‘top’
margin of the specimen is remnant gold coating from SEM analysis. b: schematic of E. epicautus ultrastructure. Note homogenous wall. 1:?Equator; 2: spore lumen; 3: Pyrite grain.

folds and ‘hummocks’. The distal exine is robust with an irregular ‘hum-
mocky’ sculpture (Plate II, d-f). Given the irregularity and failure to
identify comparative features in the dispersed record, this may be a re-
sult of decay rather than sculpture, but this is not certain.

4.2.1.3. Comparisons with the megafossil and dispersed record. Spheroidal
sporangia and spore masses are common in the compressed record and
the latter have already yielded in situ Emphanisporites spores (Morris
et al,, 2011b). The discoidal spore mass may be comparable to various
Cooksonia, Paracooksonia or Lenticulitheca species (e.g. Edwards, 1979;
Edwards et al., 2014; Morris et al., 2011b); however, in all instances in
situ spores from these plants (where known) differ from the E. sp. de-
scribed here, with the former two yielding crassitate, apiculate trilete
spores of the Aneurospora-Streelispora complex (e.g. Morris et al.,
2011b) and the latter yielding cryptospore species belonging to
Cymbohilates (Morris et al., 2011b). The difference between in situ
spores and the unclear nature of the subtending axis and overall anat-
omy distances this specimen from those genera mentioned above. The
in situ Emphanisporites spores in the discoidal sporangium described in
Morris et al. (2012b) differ from this specimen, with the former being
comparable to E. sp. A sensu Richardson and Lister. In terms of gross
morphology the two spore masses are quite similar, being discoidal
with a roughly circular outline although ABM5014-008 is slightly
more oblate. Both exhibit an acellular, cracked surface which may repre-
sent remnants of the sporangial wall or a cuticular layer (Morris et al.,
2012Db). If the morphology reflects the sporangial shape, it is plausible
that, if these spore masses were found as megafossils, they would be
classified as the same morphospecies. Because of a lack of specimens
and morphological characters, we do not formally describe this
Emphanisporites yielding spore mass.

The Emphanisporites species from ABM5014-008 does not appear to
have a direct published counterpart in the palynological record, and in
situ and dispersed spore size comparisons are complicated by shrinkage
of the former during burning. Of similar dispersed species, the in situ
spores have some similarities with Emphanisporites rotatus McGregor
and Emphanisporites neglectus Vigran, although significantly differs
from both in terms robustness of the spore and the nature of the distal

hemisphere. Neither E. neglectus nor E. rotatus, or indeed any other pub-
lished Emphanisporites species, fully satisfies the features exhibited by
this Emphanisporites species. Given the robust nature of the equatorial
and distal exine this spore might be considered patinate. TEM analysis,
however, (below) indicates that the spore wall is not considerably
thicker than other Emphanisporites spores (Taylor et al., 2011) and is
distinctly thinner than other sectioned patinate spores (Cymbosporites
echinautus in Johnson and Taylor, 2005).

Analysis of the dispersed spore assemblage from 19M50-26 did not
yield comparable spores and attempts to extract in situ spores from
the spore mass to observe under light microscope failed. A single exam-
ple of a reasonably comparable Emphanisporites sp. spore was identified
from the dispersed record of the M50 (Plate I, g). This spore exhibits a
roundly subtriangular amb (29 pm), robust equator, distinct triradiate
mark accompanied by narrow lips extending to the inner edge of the
equator and interadial areas populated by c. 10 robust, tapering
interadial muri which do not reach the proximal apex; although an api-
cal thickening may be present it is not certain. Equatorially and distally,
the spore is sculptured with angular micro-?verrucae. This differs from
the distal hemisphere on in situ E. sp., which appears more chaotic. In-
terestingly, this spore was identified from the pre-MN?Earliest
Lochkovian Apiculiretusispora sp. E spore biozone (—35.3 m relative to
the Chapel Point limestone).

4.2.2. TEM observations

A partial montage exhibiting c. 60% of the spore and schematic are
illustrated in Fig. 5. The specimen has been heavily compressed and
folded but ultrastructural architecture remains. Part of the distal and
possibly proximal wall is partially obscured by a fold in the plastic
(black region along the lower right of the spore, Fig. 5). Proximally,
the spore wall thickness is c. 0.7 pm. The proximal face is folded, but
the aperture may be exhibited (Fig. 5, arrow IV); no variation in spore
wall architecture is observed about this region. The distal spore wall is
up to 1.5 um thick. It appears to be divisible into two parts: (1) an
inner, possibly faintly lamellate layer up to 0.5 um thick, with a
(2) wider, faintly spongy surface layer comprised of a series of knobs,
which are variously connected to the laminate layer, up to 1 um thick.
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Plate II. SEM micrographs of the discoidalspore mass yielding in situ Emphanisporites sp., ABM5014-008. A: Spore mass. Note discoidal morphology with fractured outer edge: arrow in-
dicates a section of the sporangium which has been fortuitously preserved; this is not a subtending axis, scale bar: 200 pum. b: in situ spore, proximal face. Arrows indicate robust inter-radial
muri and distinctive lips. Note the robust equator and the distinctive apical thickening. c: Proximal face, note the concave habit and apical thickening (arrow) d: Proximal and distal hemi-
spheres: note the chaotic, hummocky nature of the distal hemisphere. This may be compounded by shrinkage of the spore. Note also the highly robust equator of the specimen on the right.
e: Proximal and distal view, note again the irregular nature of the distal hemisphere. f: Tipped spore, note how the distal ‘sculpture’ continues to a lesser extent onto the equator; b - f scale
bars 10 pum. g: Light micrograph of the most comparable Emphanisporites sp. identified in the dispersed spore record, from the Apiculiretusispora sp. E biozone, Moor Cliffs formation. Note
the robust tapering muri which are lost towards the proximal apex, the robust equator, and distal?sculpture. Ross-Tewkesbury Spur (M50) motorway section, slide M50-85-2C-1, E.F. no.
U11. Scale bar 10 um.
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These are populated by occasional lacunae, which sometimes mark the
separation between the layers. The distal sculpture is exhibited in cross
section, having the same architecture as the homogenous outer layer,
suggesting that this is a sculptural, rather than a decay, feature. No
interadial muri are identified in the section.

4.3. Dispersed Emphanisporites species in sample 19M5026

A major analysis of the Siluro - Devonian dispersed spore record
from the Lower 'Old Red Sandstone' of the basin building on Richardson
and colleagues' work (e.g. Richardson, 1996, 2007; Wellman et al.,
2000; Morris et al., 2011a; Richardson and Lister, 1969) is being carried
out by ACB. The dispersed spores recovered from this sample are ex-
tremely well preserved with low thermal maturity. Some mild
pyritisation and/or decay occurs in some specimens, but this is minimal.
In quantitative counts of 250 spores the diverse assemblage briefly
comprises species of Aneurospora (12%), Ambitisporites (26%) and
Laevolancis (16%), with accessory ornamented hilate cryptospores
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including Cymbohilates (5%), cryptospore tetrads such as Tetrahedraletes
medinensis (4%) and laevigate, apiculate and murornate crassitate and
patinate trilete spore species of Streelispora (6%) and Archaeozonotriletes
(9%), amongst others. Five species of Emphanisporites were identified in
these samples with the spores comprising 2% of the overall assemblage
or 114 Emphanisporites spores per gram of rock processed. Individual
species of Emphanisporites all occur in low relative abundances and
most are 'rare’, that is, are identified during logging outside of spore
counts.

5. Discussion
5.1. Spore mass maturity

The morphology of the ABM5015-001 in situ spores is comparable to
the dispersed species E. epicautus and E. cf. epicautus which, on the as-
sumption that spores are dispersed as individual monads at maturity
suggests that the in situ spores must be close to maturity. The maturity

—

Fig. 5. (Top) TEM montage micrograph showing the ultrastructure of in situ Emphanisporites sp., with the spore outlined by black dashed lines. Arrow I:?inner lamellate layer; arrow II
indicates part of the lumen. Note that due to folding, the lumen probably folds into the upper right extension of the wall but is not visible due to compression/ fusion; Arrow III: rare la-
cunae; Arrow IV indicates the suture. The black region along the bottom right of the spore is a fold in the plastic and is a preparative artefact. Scale bar 1 pm. Bottom: Schematic diagram
showing the bilayered exine of E. sp. The dark layer is the homogenous outer layer, whilst the paler layer is the inner homogenous layer. OL: Outer layer, IL: inner layer, Lu: lumen, L:

lacunae, S:suture. Scale bars 1 pm.
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of the spores of E. sp. is less certain, as no unequivocal comparative dis-
persed species have been identified. Whilst this may be a function of the
rarity of this Emphanisporites species, it may also suggest that the in situ
spores had some morphological additions/ reductions to come in the
latter stages of ontogeny. However, as with E. epicautus, no associated
tetrads were found in the spore mass, indicating that the spores were
mature or nearly so.

5.2. Comments on spore wall development

Detailed commentary of the spore wall development of E. epicautus
is problematic given the homogenous architecture of the exine which
obscures the original method of sporopollenin deposition. Most em-
bryophytes utilise white line centred laminations (WLCL) to accumulate
sporopollenin during sporogenesis (Wellman, 2004), so the lack of
lamellations in the mature spore wall does not exclude their presence
in initial stages of sporopollenin deposition; they may have been heavily
compressed and subsequently obliterated or obscured by later deposi-
tion of sporopollenin. The apparent occurrence of E. epicautus and E. cf.
epicautus in the same sporangium is evidence that they are both derived
from the same plant, rather than a complex of similar plants as has been
previously suggested (e.g. Edwards and Richardson, 2000). They could
represent different developmental stages (with E. cf. epicautus perhaps
representing some ontogenetic failure), or indicate some failure or dis-
ruption in sporopollenin deposition as the interadial muri were
forming, or may be a result of some genetic disruption leading to mal-
formation. The common occurrence of E. epicautus and E. cf. epicautus
together in the dispersed record (see 5.4) may suggest that, if they are
indeed derived from the same plant, that this malformation was either
common or the production of spores with slightly different morphol-
ogies was a deliberate strategy of the plant. It is important to note that
these dispersed species are not always contemporaneous, however
(Higgs, 2004; Morris et al,, 2011a).

The bilayered architecture of E. sp. spores suggest a different mode of
development. The partially separated bilayered wall structure suggests
that the lamellate and homogenous layer formed by different mecha-
nisms, although the timing of formation is not certain. Given the faint
laminations, the inner layer probably formed by WLCL, as lamellae
were laid down on the spore plasma membrane, followed by sporopol-
lenin accumulation on either side. Sporopollenin deposition may have
been quite significant, largely obscuring the initially formed lamellae.
Formation of the outer layer is less clear. A possible mechanism for the
formation of the outer layer might be found in the extant moss
Andreaea, where the spongy exospore develops via the accumulation
of discrete globules of sporopollenin (Brown and Lemmon, 1984) se-
creted onto the sporocyte, an ontogenetic pathway peculiar to these
plants. In this case, the lamellar layer would develop underneath the
previously deposited layer, i.e. centripetally (Blackmore et al., 2000). Al-
ternatively, it may have formed by the secretion of sporopollenin from a
tapetum, such as in Rhabdosporites langii (Wellman, 2009), onto the la-
mellar layer, i.e. centrifugally. We cannot rule out either of these mech-
anisms, or other mechanisms of formation, but note that no evidence of
a tapetum is observed in this specimen. The entire wall may have devel-
oped by WLCL, with lamellations in the ‘outer’ layer being obscured
later on in ontogeny. Alternativley, given the highly folded nature of
the spore wall, it may also be possible that intense folding lead to partial
delamination of layers along weak horizons.

5.3. Affinities and phylogenetic considerations

5.3.1. Broad affinities

The wider coeval mega-, mesofossil and dispersed spore record indi-
cates that in life these plants shared their environment with herbaceous,
diminutive rhyniophytes, rhyniophytoids, primitive cryptospore-
bearing plants and eophytes alongside larger zosterophylls, this being
a plant community typical of the Early Lochkovian of the Anglo-Welsh
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Basin (e.g. Wellman et al., 2000; Edwards and Richardson, 2004;
Morris et al., 2011a; Edwards et al., 2021a).

Of these, their production of trilete spores excludes them from the
cryptospore producing eophytes and other primitive cryptospore-
bearing plants. Likewise, a zosterophyll affinity can be excluded based
on the shape of the spore mass and the fact that Emphanisporites species
have not been identified in situ from zosterophyll sporangia (e.g.
Edwards, 1969; Allen, 1980). We conclude that these Emphanisporites
producers probably belong amongst the rhyniophytes. However, given
the absence of vascular tissue we must refer to them as rhyniophytoids.
It is possible that these plants closely resembled the rhyniophytic body
plan, being diminutive with terminal sporangia - but features such as
sporophytic branching or stomata are unknown. The rhyniophytoids
comprise a particularly diverse complex of plants from a variety of line-
ages (Steemans et al., 2012), and thus it is interesting to explore how
closely related to one another E. epicautus and E. sp. are. Due to a lack
of morphological characters, this is largely unclear from SEM studies.
The apparently different morphologies of the spore masses (and indeed,
the in situ spores) indicate that the parent plants were at least generi-
cally distinct, but ultrastructural features of the in situ spores provide
the firmest evidence that they were in fact derived from quite different
taxa.

5.3.2. Comparisons with other Emphanisporites spp.

This is the first TEM study of in situ Emphanisporites spores, but com-
parisons can be made with three dispersed species from Gaspé Bay in
Canada (E. rotatus, E. schultzii and E. annulatus: Taylor et al., 2011).
Broadly, Taylor et al. (2011) found that Emphanisporites generally ex-
hibit (1) a single layered exospore ranging from laminated to spongy
in structure, and (2) proximal radial ribs that were compositionally con-
fluent with the outer part of the exospore. Both in situ Emphanisporites
spores described here differ significantly (Table 2).

It is possible that the ultrastructure of the spore walls was obliter-
ated or altered during diagenesis, especially in the case of E. epicautus.
However, the ultrastructure of E. sp. appears to be well preserved and,
considering the two masses were recovered from within at most a few
centimetres of each other, they are unlikely to have had different diage-
netic histories. Similarly, both of the spore masses were exposed to
the same treatment; HF + HCl maceration and were not oxidised or
stained. There is a possibility that more subtle structures such as fine
lamellations have not been identified because the spore masses were
not stained. Whilst this remains possible even very subtle structures
would be hinted at under the TEM (as they are in E. sp.). We conclude
that the ultrastructure exhibited by these in situ spores is natural.

The most striking difference between E. epicautus and other
Emphanisporites spore wall ultrastructures is the lack of lamellations in
the exospore, a common feature amongst all but one Emphanisporites
specimen (E. rotatus II) in Taylor et al. (2011).Those workers found
that lamellations range from very subtle to distinctive across the exam-
ined Emphanisporites spores, leading them to suggest that the homoge-
neity of E. rotatus Il may be derived from diagenetic or preparative
influence, but note that all of the specimens again have similar diage-
netic and preparative histories. Furthermore, the sectioning of the
E. epicautus spore mass was not comprehensive across several speci-
mens; it could be that this specimen simply exhibits no lamellations,
whilst others of the same species do, or that they were largely
obliterated during ontogeny and only remain in isolated sections of
the spore, which were not seen under TEM (as hypothesised for
Chelinospora vermiculata, Johnson and Taylor, 2005). Similarly at odds
with the findings of Taylor et al. (2011) is the dearth of a spongy layer
or larger lacunae in the exospore. Finally, the thickness of the spore
wall is slightly less than in other Emphanisporites species. While
differentiating the proximal and distal hemispheres is problematic,
the areas towards the poles are no thicker than 0.7 pm, thickening to
1 um at the equator. Ultimately, if the homogenous spore wall in
E. epicautus is indeed natural, then (1) the ultrastructure distances it
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from other species of Emphanisporites, including E. sp. and (2) there may
be some relationship with E. rotatus II (Taylor et al., 2011) in terms of
the mature wall ultrastructure, ontogenetic developmental pathways
aside (discussed in 5.3.3).

Morris et al. (2012b) described a discoidal spore masses yielding in
situ Emphanisporites sp. A sensu Richardson and Lister from the middle
MN spore biozone NBCH site. While no TEM imaging of the spore wall
of E. sp. A was carried out, it is of interest that they noted that the frac-
tured surfaces of the spore walls were homogenous to faintly granular,
hinting at a similarity between E. sp. A and E. epicautus.

Considering E. sp., initial congruence with most of the other
Emphanisporites species is found with regard to the inner lamellate
layer, setting the ultrastructure of E. sp. at odds with E. epicautus. The
thickness of the spore wall is also comparable to other Emphanisporites
specimens. On the other hand, a distinctive feature which sets E. sp.
apart from the other Emphanisporites ultrastructures is the bilayered
exine. The outer, semi-detachable surface layer appears to be peculiar
to E sp. and is not seen in other species of Emphanisporites. It is worth
noting, however, that some Emphanisporites species do exhibit some
differentiation in the single layered exospore, such as E. rotatus I, but it
is difficult to gauge how far this feature differs from the bilayering
seen in E. sp.

5.3.3. Comparisons with contemporaneous fossil taxa

Many fossil spores exhibit some element of a homogenous wall in
their ultrastructure but this is normally associated with other features
such as lamellae (e.g. in Scylaspora sp., Wellman, 1999) or a combina-
tion of features (e.g. in Cymbohilates horridus var. splendidus, Edwards
et al., 2012a). Mature spore walls that are fully homogeneous are less
common and are mainly found in the spore walls of cryptospores such
as Tetrahedraletes medinensis (variant #1; Taylor, 2002) but also in
some trilete spores. Alongside the dispersed E. rotatus II spore, Pre-
Silurian (lower Wenlock to lower Ludlow) Ambitisporites spores have
homogenous walls (Taylor, 2003), but this could be diagenetic. Most in-
terestingly, two spore masses from NBCH yielded emphanoid spores
probably belonging to Ibereospora which exhibited entirely homoge-
nous spore wall architecture (Morris et al., 2012b).

Given the similarities between the mature spore walls of E. epicautus
and the above taxa, perhaps the homogenous spore wall is a homolo-
gous feature between them? The amount, composition and timing of
sporopollenin deposition during ontogeny of the spore wall is probably
under genetic control (Wellman, 2004) and an entirely homogenous
wall is considered to be a derived condition, with the primitive
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condition being lamellate walls (Taylor et al., 2017):could the loss
and/ or obliteration of lamellae during ontogeny have occurred in a
common ancestor between these homogenously walled taxa?
Cryptospore tetrads such as T. medinensis persist, and are contempora-
neous, with E. epicautus, but they are probably representatives of more
ancient (and cryptically diverse) lineages, some of which are possibly
ancestral to more derived trilete spores. However, ultrastructural anal-
ysis on older and contemporaneous material is required to trace such
lineages.

The question of a close relationship between these taxa not only de-
pends on the nature of the mature spore wall, however, but the ontoge-
netic pathway by which the spore wall develops. Wellman (2004) notes
that because of the variety of methods by which any given spore wall
type can form, it is desirable to study the ontogenetic pathway. There
is certainly more than one ontogenetic pathway that can lead to the for-
mation of homogenous spore walls, including the obliteration of
lamellations formed in the early stages of ontogeny by latterly deposited
sporopollenin. Furthermore, given the nature of the wall it is particu-
larly difficult to unpack the mode of formation, which is not necessarily
comparable to extant processes. A focused study of fossil spores inside
sporangia at different developmental stages could shed light on spore
wall ontogeny, but this would be extremely difficult.

Considering the ultrastructure of E. sp., bilayered spore walls are
common in late Silurian-Early Devonian spores (e.g. Edwards et al.,
19953, b; Wellman, 1999; Johnson and Taylor, 2005). Ambitisporites—
Synorisporites-Streelispora/Aneurospora and Scylaspora all exhibit a
bilayered exine. Some cryptospores, too, exhibit bilayered ultrastruc-
ture (e.g. Laevolancis divellomedium type 2 Wellman et al,, 1998b). Inter-
estingly, the combination of a bilayered exine and discoidal spore mass
could ally E. sp. with the Lenticulitheca-Paracooksonia-Cooksonia com-
plex (Morris et al., 2011b; Edwards et al., 2014). However, the presence
of the separating outer layer in the ultrastructure of E. sp. sets it at odds
with the spore wall architecture from the in situ spores in those plants,
and the lack of key morphological characters exhibited by the E. sp.
spore mass precludes assignment to any of the constituents of that com-
plex, not to mention the differences in spore morphology. An inner la-
mellate layer with an outer homogenous layer has been identified in
in situ Scylaspora (Wellman, 1999). However, E. sp. differs considerably
due to the separation of the outer layer, and additionally, no lacunae are
exhibited in Scylaspora spore walls. Indeed, few spore ultrastructures
exhibit such a separation of layers. One example, however, is
Dyadospora murusattenuata type I from the Ordovician (Taylor, 1997),
which has varying degrees of separation between an inner lamellate

Table 2
Current data for Emphanisporites ultrastructure.

Species Gross wall ultrastructure Laminations? Wall thickness (um) Reference

E. rotatus I* « Inner: laminated Yes 4P.&D. Taylor et al., 2011
= Outer: spongy with lacunae

E. rotatus II* » Homogenous No 2D. Taylor et al., 2011

15P.

E. rotatus III* « Faint laminations Yes 3D. Taylor et al., 2011
* Inner wall has large lacunae 25P.

E. rotatus IV* * Faintly laminar Yes 2.5D. Taylor et al., 2011

15P.

E. rotatus V* « Faintly laminar Taylor et al., 2011
+ ?Pseudosture Yes 15P.&D.
* Thick laminar surface layer

E. schultzii I* « Distal wall laminated throughout Yes 5D. Taylor et al., 2011
= Spongy innermost exospore 2P.

E. schultzii II* « Distal wall laminated Taylor et al., 2011
* Lacunae in proximal wall Yes 3-4P.&D.
* Pseudosuture

E. annulatus™ « Inner laminations Yes 1-25P.&D. Taylor et al., 2011
+ Outer coarse sponginess

E. epicautust « Homogenous No 0.7 This paper

E.sp. * Inner laminations
» Outer homogenous, partially detachable surface layer Yes 1.5 This paper

10
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layer and outer homogenous layer, but the spore wall ultrastructures
are otherwise quite different. Considering this, a contemporaneous
spore wall architecture to E. sp. is yet to be identified.

5.3.4. Affinities to extant taxa

A possible relationship between some Emphanisporites spores and
hornworts was posited by Taylor et al. (2011), based on (1) ultrastruc-
tural features reminiscent of some characteristic features of extant
hornworts, (2) the phylogeny of Qiu et al. (2006) which posited that
hornworts were the sister group to tracheophytes, and (3) the occur-
rence of a columella, a characteristic feature of extant hornworts, in
H. lignieri, the parent plant of E. decoratus (Wellman et al., 2004). Recent
land-plant phylogenies by Puttick et al. (2018) and the recent place-
ment of Horneophyton lignieri into the tracheophytes (Cascales-
Mifiana et al., 2019) cast some doubt on the hornwort - Emphanisporites
association. Whilst hornwort placement remains equivocal in Puttick
et al. (2018), the most significantly supported result was for hornworts
as a sister group to the ‘setaphyta’ (mosses + liverworts) and being the
most basal of the Bryophyta, distancing them from the tracheophytes.
Puttick et al. (2018) suggest that the simplistic nature of the putative
plesiomorphic liverwort body plan was in fact derived from a loss of
ancestral characters, such as stomata, rather than simply an absence of
derived embryophytic characters. Instead, the basal embryophyte may
have had body plan more congruent with stem-tracheophytes than
previously thought. The results of Puttick et al. (2018) may go some
way towards explaining the hornwort associations of some of the
Emphanisporites spores found by Taylor et al. (2011). Tentatively, the
presence of characteristic features of extant hornworts in the ultrastruc-
ture of certain dispersed Emphanisporites spores (pseudosuture +/—
external laminar layer) and some tracheophytic Emphanisporites
producers (the columella in H. lignieri) are not indicative of hornwort
association per se in these fossil plants and spores, but instead perhaps
the retention of primitive features from some enigmatic, possibly rela-
tively complex, basal embryophyte (Puttick et al., 2018) or may be a fur-
ther example of evolutionary convergence amongst these plants.

Regarding the affinities of E. epicautus, the homogenous ultrastruc-
ture may indicate an association to Anthocerotopsida, where the mature
trilete spores exhibit homogenous spore wall architectures (Brown and
Lemmon, 1990). However, these plants also exhibit a number of key fea-
tures including pseudoelaters, columellae and sequential spore matura-
tion. Whilst the incomplete nature of the spore mass means we cannot
rule these features out, their presence remains equivocal. In other horn-
worts, although little studied, the ultrastructure is highly diverse
(Taylor, 2003) and, inter alia, some may exhibit a ‘pseudosuture’ and ex-
ternal laminar layers (e.g. Renzaglia et al., 2008) alongside often
subdivided walls with two or more wall layers and an inner granular
layer about the suture and sometimes beyond, as seen in the specimens
in Taylor et al. (2011). The spore wall ultrastructure of E. epicautus ex-
hibits none of these features (with granular features about the suture
equivocal), undermining any strong associations with other members
of the hornworts. Whilst some taxa outside of the hornworts do exhibit
a homogenous ultrastructure, other features distance them from
E. epicautus. Members of bryopsida often exhibit homogenous spore
walls but are generally not trilete and also have an additional perine.
In the case of leptosporangiate ferns which exhibit a homogenous exo-
spore at maturity, an outer perispore is also observed which is not seen
in E. epicautus. As such, there is little indication of a direct extant coun-
terpart to E. epicautus. Additionally, the problem of comparative ontoge-
netic pathways persists.

In terms of Emphanisporites sp., several extant taxa have significant
involvement of lamellae in some or all of their spore wall ultrastructure,
including hepatics (Brown and Lemmon, 1990), Sphagnidae mosses,
ferns and lycophytes. Liverworts typically exhibit lamellations in at
least some part of the spore wall (Blackmore and Barnes, 1987), but
spores derived from these plants lack trilete sutures and typically lack
a homogenous outer layer or bilayering. In Sphagnidae mosses, an
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inner lamellate layer is overlain by a homogeneous outer layer, as in
E. sp., but the former wall is highly derived, comprising five layers
(Wellman, 2004). Lycopsids exhibit a laminar layer and an outer ho-
mogenous layer in the spore wall but they also exhibit a granular region
(e.g. Lugardon, 1990) beneath the spore aperture, a feature not exhib-
ited in E. sp., which is further distinguished from Lycopsids by the de-
tachable surface layer. Extant, homosporous Filicopsida also exhibit an
inner lamellate layer and an outer homogeneous layer (e.g. Tryon and
Lugardon, 1991), but always exhibit a perine and the layers do not par-
tially separate. Thus, no extant direct comparisons are yet known. Taylor
etal. (2011) found that the ultrastructure of some Emphanisporites spe-
cies exhibited lamellae and spongy areas reminiscent of extant
lycophyte spores - offering tentative support for a basal-tracheophytic
affinity of some species of Emphanisporites. Furthermore, the bilayered
construction of the spore walls from taxa in the Lenticulitheca-
Paracooksonia-Cooksonia complex was used to tentatively suggest the
association of the complex to the stem-tracheophytes (Edwards et al.,
2014), although as discussed, E. sp. is different to those spores. E. sp.
does exhibit lamellae, but the outer spongy areas are not seen. Whilst
the combination of an inner lamellate and outer homogenous layer
might hint at a tracheophytic affinity, the strongest link to lineage is
the triradiate mark which has long been attributed to vascular plants
(e.g. Gray, 1985). However, authors (Kenrick et al., 2012; Edwards
et al., 2014; Salamon et al., 2018) have noted that trilete marks are not
peculiar to tracheophyte-derived spores, as they occur in several living
bryophytes, also. Some extant hornworts even produce triradiate spores
with a superficial resemblance to Emphanisporites (e.g. Boros and Jarai-
Komlodi, 1975; Tryon and Lugardon, 1991; but see Taylor et al., 2011),
although this may not have been true of fossil hornworts also. With ex-
tant trilete spores occupying a broader grouping outside of tracheo-
phytes, it is probable that the same is true of fossil trilete spores (e.g.
Edwards et al., 2014), and this complicates their relationships to any lin-
eage which is compounded a lack of key morphological characters such
as associated vascular tissue.

It is difficult to explore the phylogenetic relationships of
Emphanisporites producers with such fragmentary fossils and limited
data, but it may be that some of the producers lie outside of the tracheo-
phytes proper, despite having a fully formed and functioning triradiate
mark. What does seem clear is that the varied, although still largely
enigmatic, lineages of Emphanisporites parent plants, evidenced by
H. lignieri, dispersed Emphanisporites and the specimens described
here, strongly support previous hypotheses that the emphanoid condi-
tion is an example of convergent evolution (e.g. Taylor et al,
2011; Morris et al., 2012b). Emphanoid muri are not peculiar to
Emphanisporites, being identified in other trilete spore taxa (Morris
et al, 2012b) and some hilate cryptospores such as Artemopyra
(Burgess and Richardson) Richardson and some species of Cymbohilates
Richardson. The reason for this convergence remains uncertain, but as
previously hypothesised (e.g. Taylor et al., 2011) it is possible that,
with so many taxa selecting for the emphanoid muri, it conferred
some advantage to a reasonably common environmental or ecological
pressure.

5.4. Broad palaeoecology - Inferences from the dispersed record

The parent plants of Emphanisporites remain poorly represented in
the mesofossil record. They are largely outnumbered in charcoalified
mesofossil assemblages by sporangia and spore masses yielding
laevigate hilate cryptospores such as Laevolancis or crassitate trilete
spores such as Ambitisporites and Aneurospora/ Streelispora (e.g. Morris
etal., 2012b). This is reflected in the dispersed spore record. When con-
sidering the dearth of cf. Horneophyton sp. and other Emphanisporites
producers in the megafossil record, Edwards and Richardson (2000)
assessed the implications of taphonomy and palaeoecology on the like-
lihood of the plants being fossilised (Table 3).
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Table 3

Palaeoecological and taphonomic effects on the dispersed spore record, after Edwards and

Richardson (2000).

Possible cause of under representation

Effect on dispersed spore record

Plants living outside of river catchment
areas and hence rarely entrained in
deposited sediment.

Plants occupied restricted ecological

Dispersed spores would be represented
in the spore rain but would be swamped
out by local plants.

Sporadic to no representation of

niches and were hence rare in local
vegetation.

The plants lacked recalcitrant
biopolymers in their vegetative
tissues, prohibiting fossilisation.

dispersed spores from assemblages in
local geographical areas.

The plants would be represented in the
dispersed spore record dependent on
local numbers and proximity to
depositional environments.

Here, we apply the rationale of Edwards and Richardson (2000) to
the two Emphanisporites plants to assess the impact of taphonomy
on their presence in the fossil record and explore their broad
palaeoecologies.

Examination of the sample from which the specimens were isolated
did not yield any dispersed spores directly comparable to E. sp. Exten-
sive logging of material from the latest Silurian/earliest Lochkovian to
the middle Lochkovian of the M50, Ammons Hill and NBCH found few
comparatives, with only one relatively convincing specimen (Plate II,
g) identified from the earliest Lochkovian of the M50 (—34.3 m below
Chapel Point Limestone; Apiculiretusispora sp. E spore biozone, Fig. 1).
The absence of the spore in the horizon from which the spore mass
was uncovered suggests that the plant was either extremely rare or
not growing in the M50 at that time, but the possible occurrence in
the Moor Cliffs formation may indicate that it was growing near the
area in the earliest Lochkovian - although the single occurrence neces-
sitates caution. The lack of published records of E. sp. and paucity across
the Anglo-Welsh assemblages suggests that the plant was not a com-
mon constituent of this Lochkovian vegetation, perhaps growing far
from the present-day sample sites, with spores very rarely being incor-
porated into these assemblages. In this scenario the spore mass may
have been transported a considerable distance, which is a plausible
hypothesis for charcoalified remains.

Deciphering the exact relationship between all dispersed
E. epicautus and E. cf. epicautus spores is not possible from the single

Earliest Lochkovian
(Apiculiretusispora sp. E biozone)

Early Lochkovian
(Lower MN subzone)
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occurrence recorded here and requires further ultrastructural study to
confirm a consistent relationship, especially in dispersed specimens.
As such, we will consider dispersed E. epicautus and E. cf. epicautus sep-
arately. Logging by ACB and previous work (Richardson and Lister,
1969; Edwards and Richardson, 2000; Higgs, 2004; Morris et al.,
2011a) indicates that E. epicautus and E. cf. epicautus are widespread
but rare constituents of the Anglo-Welsh basin palynoflora (Fig. 6). In
the Apiculiretusispora sp. E zone (earliest Lochkovian) both E. epicautus
and E. cf. epicautus are ‘rare’ in the M50 assemblage (cf. Edwards and
Richardson, 2000), with E. cf. epicautus sometimes comprising up to
0.4% of the 250 spore count. A similar pattern is seen at Ammons Hill
and NBCH (E. epicautus being rare and E. cf. epicautus comprising up to
0.4%). In the Lower MN zone of the M50, E. epicautus is sometimes
rare, but more frequently comprises between 0.4 - 1.6% of the assem-
blage. E. cf. epicautus is found in lower proportions, at around 0.4%.
Both are rare constituents in Ammons Hill, while only E. cf. epicautus
is present, but rare, at NBCH. At Gardeners Bank (lower MN only),
both comprise up to 0.4% of the assemblage. Finally, in the middle MN
of the M50, E. epicautus is sometimes rare, but generally comprises be-
tween 0.4 - 0.8% of counts, while E. cf. epicautus comprises up to 0.4%.
At Ammons Hill, E. epicautus comprises up to 0.4% of the assemblage,
whilst E. cf. epicautus comprises up to 0.8%. At NBCH, E. epicautus is
rare, whilst E. cf. epicautus is rare, or comprises up to 0.4%.

It is interesting to note here that E. cf. epicautus is ubiquitous, in vary-
ing proportions, across the investigated sites and biozones. Meanwhile,
E. epicautus is observed in all of the sites and across all of the biozones
except NBCH in the lower MN biozone, where only E. cf. epicautus is ob-
served. If ABM5015-001 is representative of all E. epicautus and E. cf.
epicautus parent plants (that is, that both spores are derived from the
same plant) then the absence of the former in the lower MN of NBCH
could be a result of taphonomy. Alternatively, it may suggest that the
plant was not present in NBCH, and the observation of E. cf. epicautus
in the assemblage results from fortuitous transport of that spore from
some distance away. This is supported as only a single E. cf. epicautus
specimen was found throughout extensive logging of these lower MN
NBCH samples. Whether or not the plant was present in NBCH at this
time, the plant was probably not restricted to a specialised niche given
how widespread and consistent its occurrence is in the rest of the
basin through time. However, the plants probably comprised a small
proportion of the flora and seem to have been restricted to areas outside

Middle Lochkovian
(Middle MN subzone)

AH @O AH @&

Hereford® Hereford®

Black
Mountains

Black
Mountains

Black
Mountains

Key to symbols

P4

@ Emphanisporites epicautus

Clee Hills

& Emphanisporites cf. epicautus
Locality (approximate position
M50 indicated by & @)

0

Hereford®

Fig. 6. Spatial and temporal distribution of E. epicautus and E. cf. epicautus across sites in the Welsh Borderlands. BCH = Brown Clee Hills area (including NBCH); GB = Gardeners bank
(only present in the lower MN; AH = Ammons Hill; M50 = M50 motorway. Locations approximate. Scale bar 20km. Bottom right, map: Outcrop of Anglo-Welsh Basin in South Wales and

the Welsh Borderlands, red box
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of river catchment. Because a single source plant for these spores cannot
be confidently ascertained at present, an alternative hypothesis could be
that the E. epicautus parent plant was not growing in NBCH during the
lower MN, while the parent plant of E. cf. epicautus was, but both re-
mained otherwise widespread in low proportions. As such, regardless
of whether ABM5015-001 is representative of the E. epicautus and
E. cf. epicautus producers, it is probable that the plant or plants, whilst
not restricted to a specialised niche, were restricted to areas outside of
river catchment and comprised a small proportion of the flora. As
such, the spore mass found here was likely transported some distance
to the depocenter, but was more local than the E. sp. mass.

Whilst the occurrence of E. epicautus and E. cf. epicautus spores
across the basin supports a widespread, somewhat restricted niche,
the possibility remains that this was located proximally rather than dis-
tally to rivers, with the Emphanisporites source plants simply being rare
amongst the riparian vegetation or being lost to preservational biases.
The chief support for the plants growing outside of the catchment area
of rivers is the paucity of their spores in the dispersed record in these ri-
parian deposits. Had they grown near depositional settings such as riv-
ers, it seems plausible that despite their rarity a higher incidence might
be expected. Sorting of spores is a possible explanation, however the
size range of dispersed spores in the assemblages ranges between 16
and 52 um, with a mean size of 27 um. Dispersed and in situ E. epicautus
and E. cf. epicautus from the Lochkovian measure between 26 and 38
um, and in situ E. sp. measure between 28 and 40 um, suggesting that
these spores were unlikely to have been removed from the assemblage
due to sorting, supporting the hypothesis that these plants inhabited
niches outside of river catchment, but does not discount a taphonomic
explanation altogether.

If the largely palaeoecological hypothesis holds, then, the paleoecol-
ogy of the E. epicautus and E. cf. epicautus parent plant (or plants) is
somewhat similar to that posited for cf. Horneophyton sp. by Edwards
and Richardson (2000), except that the latter seems to have been
more restricted and absent in marine influenced settings at Ammons
Hill during lower MN times.Both appear to have been growing away
from the catchment areas of rivers, but cf. Horneophyton may have
inhabited more specialised niches, only occurring sporadically. Growth
in presumably less equable settings away from moist depocenters
would have necessitated adaptations to cope with physiologically
stressful conditions. It follows that fine moisture sensing capabilities
of dispersed spores would be particularly important for such plants, per-
haps suggesting a function for the ‘emphanoid’ condition.

6. Conclusions

We present the oldest-yet published examples of in situ
Emphanisporites and add to the growing diversity of sporangial mor-
phologies found amongst rare Emphanisporites producers. E. epicautus
and E. sp. are most comparable to the rhyniophytes, although a lack of
unequivocal vascular tissue necessitates their grouping amongst the
rhyniophytoids. We have uncovered enough morphological and ultra-
structural information to confidently ascertain that they belonged to
quite different, although equivocal, lineages. They differ significantly
from other Emphanisporites species, especially E. epicautus, and do not
have any directly comparable contemporaneous fossil or extant taxa.
While the homogenous exospore of E. epicautus makes comparisons dif-
ficult, the bilayered exine comprising an inner lamellate layer and outer
homogenous layer of E. sp. may relate it to some modern tracheophytes,
but this remains problematic. Investigation of sporocyte development
for E. epicautus is difficult given the homogenous architecture of the
spore wall, but E. sp. on the other hand may have formed by a variety
of means. Whilst the Andreaea mode of formation for the outer homog-
enous layer is plausible in the absence of evidence for a tapetum and
rare lacunae, the overall spore wall development remains clouded.
Given the paucity of E. sp. in the dispersed record, we cannot currently
explore the palaeoecology of this plant. The dispersed spore record of
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E. epicautus and E. cf. epicautus indicates that the parent plant/ plants
inhabited widespread ecological niches away from the catchment
areas of rivers, but these do not appear to have been as restrcted as
the niche of cf. Horneophyton sp. It is possible that the emphanoid
muri conferred some advantage to propagation in water stressed envi-
ronments, as the diversity of Emphanisporites producers, and other
emphanoid muri bearing taxa, strongly indicates that the emphanoid
condition is convergent (Edwards and Richardson, 2000; Taylor et al.,
2011; Morris et al., 2012b) and may have offered some selective advan-
tage due to some environmental and/ or evolutionary pressure.
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