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ABSTRACT
This represents a synopsis of current knowledge of the siluro-Devonian fossil
record concerning evolution of lycophytes and ferns. This is the time period when
several taxa or lineages at different grades of organisation existed that may be
informative about the origins of these groups or structures typical of these groups.
Considerable new data, including earlier first appearances of lineages and plant
structures, new data about siluro-Devonian lycopsids or basal euphyllophytes,
and new whole plant reconstructions of small to tree-size plants in both lineages,
have been published in recent years. It is not possible to be completely
comprehensive, but the taxa discussed are either central to established ideas, or
provide new information in relation to phylogenetic relationships and evolutionary
trends. It remains difficult to trace the phylogenetic relationships of early plants
relative to extant lineages. New data are reviewed which may be important in
reassessing homology of characters and/or hypotheses of such relationships or in
determining which taxa to exclude. Including fossils in estimates of relationships
of these major lineages of plants will provide a more accurate and comprehensive
understanding of the past history of seedless vascular plants.

INTRODUCTION
A consensus classification of extant seedless vascular plants by PPG1 (2016), reflecting
molecular and some morphological phylogenies (smith et al., 2006b; Kenrick &
Crane, 1997; Pryer et al., 2001; 2009; schneider et al., 2009; and others) recognises
lycopodiopsida (with three families and collectively referred to as lycophytes) and a
grade “euphyllophytes” which consists of two clades - seed plants and Polypodiopsida
(Figure 1). The latter includes four subclasses, Equisetidae, Ophioglossidae, Marattiidae
and Polypodiidae- all referred to as ferns.
lycopodiopsida appears to represent a monophyletic group defined by both molecular
and morphological characters that diverged at least in the mid-silurian if not earlier
(Kenrick & Crane, 1997; Nickrent et al., 2000; Renzaglia et al. 2000; Pryer et al., 2001;
2004; Qiu et al., 2007; li et al., 2014) but see Hao and Xue (2013) for a different
interpretation. Relationships of several putative stem lycophytes such as some Cooksonia
pertoni, Aberlemnia (formerly Cooksonia) caledonica, Renalia and several others, some
within more derived extinct clades where critical characters are missing, are poorly
resolved (Kenrick & Crane, 1997; Gensel & Berry, 2001; Hao & Xue, 2013). Additional
data and more whole plant reconstructions of several Upper silurian or lower Devonian
polysporangiophytes are needed to address these issues.
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The term “fern” or “fern-like” now encompasses the majority of extant and extinct
non-lycophytic seed-free vascular plants and several extinct “stem” euphyllophytes
(trimerophytes), those with “peripheral permanent protoxylems” such as cladoxylopsids,
iridopterids, and in some cases, rhacophytes and stauropterids (Kenrick & Crane, 1997;
Rothwell & stockey, 2008; Rothwell & Nixon, 2006; Berry & stein 2000; Berry & Wang
2006). This results in a broad view of what represents a “fern”. This is tied up in
considerations of evolution of the so-called megaphyllous leaf via modification of branch
systems. However it is clear such leaves evolved many times and possibly from different
parts of lateral branch systems. Furthermore, using criteria such as presence/absence of
a leaf gap and simple vs branched venation to distinguish microphyll vs megaphyll is
not clear-cut. For a more complete discussion of these issues, see Tomescu (2009) and
later sections of this paper. The term megaphyll is intentionally not used in this paper.
Fossils were intentionally excluded from the PPG1 classification, because “the
phylogenetic affinities of most extinct plants are rather unclear” (p.565). While a practical
starting point for names, it, along with molecular- derived phylogenies of only extant
forms, implies misleading relationships by ignoring some of the major discoveries in the
fossil record of the past several decades. For example, stating that ferns are the closest
living relative to seed plants is correct when only living plants are considered, but ignores
the existence of extinct plants with unique combinations of characters representing one
or more now-extinct lineages, notably progymnosperms, but also others, indicating a
more distant relationship between seed plants and ferns. While molecular-based
phylogenies may suggest a close relationship among the extant subclasses, incorporation
of fossil and morphological data (Figure 2) suggest they are not monophyletic (Rothwell
& Nixon, 2006).
The fossil record, while still incomplete, presently suggests each Polypodiopsida
subclass (PPG1 2016) differs in time of first appearance and possibly in origin. First
appearances of undoubted extinct members of each clade are as follows: equisetophytes
-the late Devonian, filicaleans (extinct Polypodiidae) - Early Carboniferous, Marattiidae
-late Carboniferous, and Ophioglossidae -Cenozoic. Thus time gaps exist between the
later appearing taxa/lineages and putative early representatives of those clades. Finding
morphologically based synapomorphies to unite extant and extinct putative progenitor

Figure 1. A simplified phylogeny of ferns and lycophytes, showing only the major
lineages, modified from Figure 1 of the Pteridophyte Phylogeny Group 1 (PPG1) study.
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or sister lineages is difficult. Characters that have been commonly employed among the
Devonian age euphyllophytes are 1) branching systems, from which leaves are believed
to have evolved and part or all of which are often interpreted as “leaf-equivalents”, 2)
stelar anatomy and 3) protoxylem location. sometimes interpretations are retrospective,
with extant leaf morphologies influencing ideas of what constitutes a leaf-equivalent.
Not everyone agrees on which part or parts of a branching system constitutes a leafequivalent in each lineage, and lastly, for some, all leaves are considered homologous
(ignoring the fossil record) rather than evaluating the fossil plants within the context of
their time and environment (Berry & stein, 2000) and taking a more “bottom-up outlook”
(Rothwell & stockey, 2008) of extinct plants relative to extant ones. Recently acquired
fossil data and whole- plant reconstructions, coupled with new developmental
information or tests of certain character distributions, may improve assessment of
homology of structures and character state transformations and ultimately phylogenetic
relationships (Tomescu, 2009; Corvez et al., 2012 and authors cited therein). Additional
work on understanding variation in anatomy also is needed. As our understanding of
certain plant types improve, the fossil record may also indicate which possible progenitor
candidates to preclude.
WHAT DOES THE FOSSIL RECORD CURRENTLY TELL US?

Figure 2. From Rothwell and Nixon, 2006 showing a tree based on a combination of
fossil and extant plant morphological and molecular characters. Inclusion of fossils
causes changes in postulated relationships of so-called “fern-like plants” relative to
filicalean (=Polypodiidae) ferns. Terminology is that used by Rothwell and Nixon
(2006). lignophytes refer to progymnosperms and seed plants. OP= ophioglossid ferns
and psilotophytes. Palaeozoic leptosporangiate ferns include taxa such as
Metaclepsydropsis, Ankyropteris, Psalixochlaena, Botryopteris, and others.
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Figure 3. A stratigraphic chart showing major events in plant evolution or first
appearances of certain plant groups or plant structures, spanning Ordovician to
Tournaisian.
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GENERALITIES
1) Everything happened earlier (Figure 3): Dispersed cryptospores and trilete spores
provide evidence for Kingdom Plantae in the early Middle Ordovician to late Middle
Ordovician respectively (Rubenstein et al., 2014; steemans et al., 2009; 2010; Wellman
et al., 2008; 2015; Kenrick et al., 2012; Edwards et al., 2014, Edwards & Kenrick, 2015,
and references cited therein). Cryptospore types and diversity increase until the earliest
Devonian, trilete spores diversify from silurian on. Earliest forms occur in Gondwanan
regions, suggesting radiation of cryptospore producers and basal polysporangiates from
Gondwanan microcontinents towards laurussia (Wellman et al., 2015; steemans et al.,
2010). The absence of megafossils during this time span may partly reflect the lack of
known terrestrial sediments in the Ordovician and silurian (Kenrick et al., 2012; Wellman
et al., 2015). some tiny Upper silurian to lower Devonian plants produce cryptospores,
termed cryptophytes (Edwards et al., 2014), and others produce trilete spores, some
possibly representing precursors of a bryophyte or polysporangiophyte grade (Edwards
et al., 2014). Unfortunately, only some dispersed spores can be tied to parent plants,
which limits establishing evolutionary/phylogenetic links between cryptophyte,
bryophyte or polysporangiate lineages, and thus to either lycophytes or fern-like
precursors (Edwards et al., 2014).

2) Innovations: The silurian to Middle Devonian vascular plant diversification
demonstrates a greater increase in plant diversity, size and complexity than previously
known. silurian to Early Carboniferous taxa exhibit a trend from considerable
morphological/anatomical plasticity to more predictable body plans or architecture in
younger, more derived forms (Bateman et al., 1998). Recent research suggests a transition
from apparently rhizomatous forms to upright trees by the Middle to late Devonian
among lycopsids and euphyllophytes (Figure 3), tree size ranging from 3 to at least 8m
tall and of varying trunk diameters (4 to ~20 cm wide). some formed new vegetation
associations, most notably early forests. In euphyllophytes, no laminate leaves and no,
or limited, secondary tissues exist (thus having alternative means of mechanical support)
(stein et al., 2007; 2012; Giesen & Berry, 2013; Berry & Marshall, 2015).
Archaeopteridalean forests of large trees with abundant secondary tissues dominated
some regions in the late Devonian. Evidence of early evolution of leaves and roots
occurs from late silurian on, as discussed in greater detail later.
Another major innovation, aligned xylem meeting criteria for secondary xylem and
interpreted as an early type of vascular cambium, is demonstrated by the Pragian
Amoricaphyton (Gerrienne et al., 2011; strullu-Derrien et al., 2013; 2014; Gerrienne &
Gensel, 2015) and Emsian plants from eastern Canada (Gerrienne et al., 2011; Hoffman
& Tomescu, 2013; Gensel in prep.). It is unknown if these possessed uni- or bifacial
cambia. That, and lack of fertile remains, renders affinities and potential relevance as to
how vascular cambia evolved or to fern and lycophyte vs. lignophyte evolution unclear.
Uni- and bifacial vascular cambia originated more than once, as they are known in several
extinct lineages from Middle Devonian on, including lycopsids (uni), progymnosperms
(bi), early seed plants (bi), and possibly cladoxyls (unclear if secondary xylem or primary,
aligned metaxylem).
Heterospory is established by the Middle Devonian in lycopsids and some
euphyllophytes (the incipiently heterosporous lower Devonian Chaleuria; the Upper
Devonian archaeopterids and some lower Carboniferous stauropterids). The Middle
Devonian putative ovule precursor, Runcaria (Gerrienne et al., 2004) and numerous pre-
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ovules of late Devonian (Famennian) age indicate an initial radiation of early seed plants
at nearly the same time as heterosporous euphyllophytes occurred (Prestianni &
Gerrienne, 2010), but prior to appearance of all fern clades except Equisitidae.

LYCOPHYTE EVOLUTION
The presence of late Wenlock Cooksonia sp. from Avalonia (Edwards & Feehan, 1980),
and the Upper silurian (ludlow) occurrences of several zosterophylls, putative stem
lycophytes, and the lycopsid Baragwanathia from Bathurst Island, Canada and/or
Australia (Kotyk et al., 2004; Rickards, 2000) indicate several grades and clades of
rhizomatous, homosporous lycophytes at that time and an early origin for lycophytes.
Zosterophylls, stem lycopsids, pre-lycopsids and lycopsids occur widely in the Early
Devonian. strobilate probable zosterophylls such as Distichophytum and plants similar
to Bathurstia first appear in the late silurian and similar forms are diverse in the Early
Devonian.
Zosterophyllopsids are leafless but exhibit similar anatomy and sporangial
morphology and dehiscence as lycopsids. Kaulangiophyton, lacking vascularized leaves,
Asteroxylon with transfusion tissue in “leaves” (Hueber, 1992), and fertile
Drepanophycus spp. all lack association of sporangia with leaves, and sometimes are
considered pre-lycopsids (Gensel & Andrews, 1984; Gensel & Berry, 2001). leaves of
differing morphology occur in the siluro-Devonian Baragwanathia, in the pre-lycopsid
Drepanophycus, the putative lycopsid Zhenglia (Hao et al., 2006) and in some Pragian
taxa of uncertain affinity from China such as Adoketophyton (li & Edwards, 1992; Hao
et al., 2003). Mid-Upper Devonian and younger lycopsids exhibit mostly laminate
univeined lycophylls, some of which are much-divided (Protolepidodendrales) or have
laciniate to fimbriate margins (e.g. Longostachys, Wuxia). Ideas about how lycophylls
may have evolved vary but are unresolved, ranging from change via progressive
vascularization of enations, sterilization of sporangia (Crane & Kenrick, 1997), or by
reduction of branch systems (reviewed in Tomescu, 2009).
Growth habit among these basal groups (stem taxa, zosterophylls, pre-lycophytes,
early lycopsids) is either rhizomatous or tufted (Gensel et al., 2001; Raven & Edwards,
2001; Gensel & Berry, 2001; Hao et al., 2010). Rooting structures appear to have arisen
more than once, ranging from downward trending axes (some Zosterophyllum spp. of
earliest to early Devonian age), to part of a bifurcation of a rhizome (H or K branching),
with one half being stem-like and bearing enations or leaves, the other portion lacking
those structures and appearing root-like (Bathurstia, Drepanophycus - Gensel et al.,
2001). An un-named lycopsid from the lower Devonian of Wyoming differs in that the
initial K-branch produces a “root-bearing axis”, from which dichotomizing root-like
structures depart (Matsunaga & Tomescu, 2016). These authors suggest rooting structures
in lycophytes are de novo structures rather than modified stems. Hetherington and Dolan
(2017) note commonalities among lycopsid root morphology as well as disparities,
recognizing multiple types of structures that bear the branched roots. None of the early
forms are anatomically preserved, thus features that distinguish roots from stems (root
cap, root hairs, etc) in younger plants are lacking (Raven & Edwards, 2001; Gensel et
al., 2001; Kenrick & strullu-Derrien, 2014).
The order Protolepidodendrales, plants characterized by much divided or hastate
leaves, epiphyllous oval to possibly round sporangia, and faintly to deeply lobed
protosteles, is established by the Emsian (Leclercqia spp.) and taxa are much more
diverse and widespread in the Middle and early late Devonian (Gensel & Berry, 2001).
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Most specimens may represent more distal or aerial branches and presumably were
rhizomatous or in one case, climbing (L. uncinata Xu et al., 2011). Oval to elongate
sporangia attach to the upper surface of sporophylls identical to vegetative leaves.
Leclercqia complexa from the Middle Devonian Gilboa, NY locality is known to be
ligulate; L. complexa, L. cf. complexa and L. uncinata yield spores showing them to be
homosporous (Grierson & Bonamo, 1979; Richardson et al., 1993; Gensel & Kasper,
2005; Gensel & Albright, 2006; Wellman et al., 2009; Xu et al., 2011). spores and ligules
are unknown for other genera. Rooting structures, which might aid in better
understanding of relationships, are unknown in all taxa. These plants are often considered
to be putative precursors to the ligulate heterosporous clades selaginellales and Isoetales,
but better understanding of all plant parts would allow a more precise assessment of their
relationship to other extinct and extant clades. As noted below, additional putatively
transitional forms exist, although many are incompletely preserved.
A major change in growth habit and reproduction occurred in the late Mid Devonian,
as shown by the bipolar/pseudobipolar, approximately half metre tall tree-like taxa
Longostachys and Chamaedendron (Cai & Chen, 1996; schweitzer & li, 1996), both of
uncertain affinity, in China. In situ (and some isolated) lycopsid stems from the upper
Middle/lower Upper Devonian of svalbard, consisting of approximately 1m tall,
incomplete trunk pieces, and identified as Protolepidodendropsis pulchra, are interpreted
as a paleotropical forest (present in a low paleolatitude) by Berry and Marshall (2015).
Sublepidodendron, especially S. songziense Wang et al. 2003, from the late Devonian
of China, was at least a metre tall. A smaller, very slender, upright and unbranched late
Devonian lycopsid, Clevelandodendron ohioensis (Chitaly & Pigg, 1996), exhibits a
lobed/branched base and a bisporangiate strobilus reminiscent of some lepidodendrids.
Wider stemmed lycopsids such as Cyclostigma, Lepidosigillaria, and the unidentified
tree lycopsid from Gilboa, NY (Haughton, 1859; Chaloner, 1968; Kräusel & Weyland,
1949; stein et al., 2012) also occur in late Mid to early late Devonian in laurussia.
These taxa not only differ in size (length, width), but also in branching (presence/absence,
type), leaf base patterns, leaves, rooting and reproductive structures. They also clearly
demonstrate the existence of upright lycopsids of varying heights, diameters, and
branching architecture by Middle to late Devonian time, coexisting with the presumably
rhizomatous protolepidodendrids and presaging growth habits and reproductive strategies
present among the abundant Carboniferous and younger lycopsid lineages. Various
isolated anatomically preserved stem remains, when viewed in comparison to anatomy
in more extensively preserved plants, also show differences in some features, not yet
well understood. secondary tissues occur in lycopsids from the Middle Devonian.
Tracheid wall pitting among different taxa varies from one or more of the following
pitting types: scalariform, pitted, circular bordered pitted, scalariform with fibrils
connecting the bars or pitlet sheets. Much remains to be learned about its possible
taxonomic implications.
Different types of stem bases with rooting structures occur among these taxa.
Longostachys and Chamaedendron stems (and possibly Clevelandodendron) terminate
in a series of downward trending, bifurcating root-like structures, but details are poorly
understood. The two major rooting structures of arborescent isoetalean lycopsids
dominant in the Carboniferous occur by the Middle Devonian. The earliest records of
cormose lycopsid bases may be those recorded by Xu and Wang (2016) from the late
Middle-late Devonian Hujiersite Fm, China and the bases of the more extensively
preserved Protolepidodendropsis pulchra, of similar age from svalbard (Berry &
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Marshall, 2015). late Devonian Leptophloem and Otzinachsonia also exhibit cormose
bases. A more branched, stigmarian type rooting system (Wang et al., 2003) occurs in
Sublepidodendron spp from China. laurussian forms are less easy to interpret. Pigg
(2001) suggests that cormose and stigmarian forms represent variations of a single
rooting type, perhaps being influenced by ecological factors.
some of these Devonian lycopsid stems or branches bear sporangia aggregated into
strobili, ranging from mono- to bisporangiate (Longostachys, Chamaedendron,
Sublepidodendron, Cyclostigma), while others apparently have alternating fertile and
vegetative zones (Monilostrobus Wang & Berry, 2003; Wuxia Berry et al., 2003), as also
occurs in younger tree lycopsids. The Upper Devonian Wuxia is interesting in that
megasporangiate “cones/fertile zones” occur just below branching points of axes but
presumed microsporangiate ones are terminal (Berry et al., 2003). Hoxtolgaya robusta
Xu et al. (2012), Middle Devonian of China, is interpreted as arborescent based on 9cm
wide stems of unknown length, and exhibits sporangia yielding spores of one size,
interpreted as homospory, but preservaton is too incomplete to determine with certainty.
In strobili or fertile zones, sporophylls are either identical to vegetative leaves, or
modified with a broad fimbriate to spiny base and distal lamina, as in the Middle to Upper
Devonian small tree-like lycopsids such as Longostachys (Cai & Chen, 1996),
Chamaedendron (schweitzer & li, 1996) or Wuxia (and others) (Berry et al., 2003).
Berry et al. (2003) note that variation in fertile regions/structures and in stem
anatomical features occurs earlier and more broadly in China than laurussia, suggesting
that perhaps China may have been an important area of early evolutionary innovation in
clade(s) from which the major lineages of arborescent, heterosporous lycopsids of the
Carboniferous and later arose. More whole plant reconstructions of several of these
lycopsids are needed, and particularly, clarification of the organisation of basal regions,
presence/absence of branching, anatomical features, and type of reproductive structures
among individual plants, in order to better understand their relationships to both earlier
and later occurring lineages to resolve relationships of these several plants and other taxa
all considered as part of the isoetalean clade.
The record of herbaceous, homosporous lycopsids (e.g. lycopodiaceae) is far less
well known in the Devonian and Carboniferous. Lycopodites oosensis from the late
Devonian of Germany (Kräusel & Weyland, 1937) may represent one, but should be
restudied. The lower Carboniferous herbaceous form Hestia possesses too few
characters to assess affinities (Bateman et al., 2007) but might represent an eligulate
form. Younger fossils have been assigned to the genus Lycopodites but it is difficult to
determine the affinities of these leafy stems; one has been found to represent conifer
twigs, others exhibit a mix of lycopodiacean and sellaginellacean characters but are
usually allied to selaginellaceae (skog & Hill, 1992; Thomas, 1992). Rowe (1988)
identified a rhizomatous plant from the late Early Carboniferous Drybrook sandstone as
an early selaginallalean, Selaginellites resimus, but little is known about early evolution
of selaginellales.
several questions concerning early lycophyte evolution remain or are only partially
answered by recent data. The paraphyly of some Zosterophyllum species and stem
lycophytes remains unresolved despite new data. Much remains to be clarified about
overall construction and relationships of the numerous Middle-late Devonian
protolepidodendraleans and small tree lycopsids, as discussed above, including how
many times have structures such as strobili, ligules, rooting structures, and leaf abscission
arisen and in what combinations? How do they relate to later-occurring lineages? And
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again, questions remain about the early history of herbaceous, eligulate, homosporous
lycopodiaceae and ligulate, heterosporous selaginellaceae through much of the
Devonian and Carboniferous and even early Mesozoic.

EUPHYLLOPHYTE EVOLUTION
Extinct Devonian plants included in the Euphyllophyta mostly exhibit much branched
aerial axes, some terminated by mostly fusiform sporangia. Anatomy consists of various
protosteles (haplo-, actino-, dissected). Pertinent to fern evolution are stem
euphyllophytes, such as Psilophyton and Pertica, the predominantly Mid-Upper
Devonian Cladoxylopsida (=Pseudosporochnales [or Cladoxylales] + Iridopteridales),
the enigmatic, but putative iridopterid Rhacophyton, and possibly stauropteridaleans.
The latter groups have been considered by many authors to be derived from a
trimerophyte ancestor, and possible fern-like or fern precursors. Reasons vary; some
derive from cladistic studies, others from older comparative studies. While lacking
laminate leaves, either the whole or part of their lateral branch systems (lBs) are
interpreted as showing possible stage(s) in the evolution of a leaf, as mentioned earlier
(Kenrick & Crane, 1997; Gensel et al., 2001; Boyce & Knoll, 2002; sanders et al., 2007;
Tomescu, 2008; Galtier, 2010; Corvez et al., 2012). These occurred simultaneously but
at different rates in different lineages (Galtier, 2010), and are not homologous within
ferns or between “ferns” and seed plants. secondly, some of the above taxa exhibit
peripherally located protoxylem in various types of actino- or dissected protosteles
(where anatomy is known) that differs from that present in aneurophytalean
progymnosperms and early seed plants. The latter, and some basal euphyllophytes,
exhibit radiate protoxylem (Beck & stein, 1993), in which actinosteles or variants thereof
have a central protoxylem, which appears to extend out each arm of the stele to produce
lateral traces. These are considered mesarch but this depends on whether the protoxylem
at the tips of arms persist, a feature presently not well understood. Anatomy of this type
is typical of aneurophytalean progymnosperms, possibly some of the larger (Pertica–
grade) trimerophytes, stenokolealeans, and other plants of uncertain affinity. However,
it remains unclear if these two protoxylem patterns represent a good indicator of
phylogenetic relationships. For example, scheckler et al. (2006), in a re-study of
Langoxylon stockmans, a taxon of uncertain affinity, point out that Langoxylon stems
possess a mixture of these two characters. Pseudosporochnus hueberi lacks a central
protoxylem, but exhibits peripheral protoxylems plus several separate protoxylems along
the midplane of an arm (stein & Hueber, 1989), thus not all early euphyllophytes can be
so easily categorized.
The term “peripheral loop”, initially referring to an anatomical feature of
Carboniferous zygopteridalean petioles, has been used to describe protoxylem features
in many Devonian plants. As originally defined, a peripheral loop consists of a central
rod of parenchyma surrounded by protoxylem (leclercq, 1970) located near the margin
of an elongated vascular bundle. similar structures are termed the same in stems of
Devonian taxa. several studies show that most of the latter represent protoxylem lacunae,
resulting from break-down of thinner walled protoxylem during development or represent
a different organisation of protoxylem with associated parenchyma (scheckler, 1974;
scheckler et al., 2006; stein, 1982). This suggests that the presence of a so-called
peripheral loop should be carefully evaluated in any Devonian plant, and is not
phylogenetically useful. Furthermore, care should be taken in use of the term
“clepsydroid” and in any phylogenetic implications that might follow, because strap-
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shaped strands in main axes or lateral branch traces in Devonian plants expand at their
ends in preparation for producing the next higher order traces, thus appearing similar to
the dumbbell-shaped petiole trace so termed among some early ferns.
The earliest putative euphyllophyte laminate leaf may date from the Pragian
Eophyllophyton (Hao, 1988; Hao & Beck, 1993), considered basal and sister to other
euphyllophytes by Hao and Xue (2013) but considered of uncertain affinity by this author.
While laminate leaves are absent in most other coeval taxa, they occur in the Early to
late Devonian Platyphyllum (=Flabellifolium?) and the late Devonian Ellesmeris (Hill
et al., 1997), enigmatic Shougangia bella (Wang DM et al., 2015), archaeopteridaleans
and early seed plants, appearing earlier in time in lignophytes than in filicales (Galtier,
2010). Clearly, resolution of what constitutes homologous structures in lBss among
these different much- branched plants, and more documentation of the first appearance
of laminae, would address remaining questions concerning number of times and modes
of leaf evolution in these groups and non-homology of so-called megaphylls in these
groups.

CLADOXYLS, IRIDOPTERIDS AND RHACOPHYTES- CALLED “FERNLIKE” BUT?
starting in the Mid-Eifelian and extending through the late Devonian, several taxa
referable to Cladoxylopsids s.l. (e.g. including iridopterids, Berry & stein, 2000) and
rhacophytes are part of a more complex vegetation, some of the former representing
small to large trees recently described as major components of in situ Middle to early
Upper Devonian forests in the UsA and Germany (stein et al., 2007; 2012).
Concomitantly, major revision of taxon concepts for Pseudosporochnus (Berry & FaironDemaret, 1997; 2002), Calamophyton (now includes Duisbergia, Cladoxylon, and most
species of Hyenia - Fairon-Demaret & Berry, 2000; Berry, 2005; Giesen & Berry, 2013)
and Eospermatopteris/Wattieza (stein et al., 2007; 2012) has resulted in critical new
information about the architecture of these leafless trees.

Pseudosporochnaleans
Pseudosporochnus trees (Figure 4) produce rows of branches that abscise at their base;
the branches are digitately divided and produce higher-order, divided laterals that are
three-dimensional to subopposite and alternate, final divisions being vegetative and nonlaminate or fertile (Berry & Fairon-Demaret, 2002). Calamophyton is a smaller tree, with
a swollen base, stems enlarging near apex and bearing vertical rows of lateral branch
systems that then divide digitately (Figure 5), and produce higher order helically arranged
dichotomizing vegetative or fertile non-laminate units. Older branch systems break off
above their base, leaving the Duisbergia type morphology (Giesen & Berry, 2013).
Eospermatopteris is larger, with a swollen base, a wide stem, and crown of digitately
divided branch systems of the Wattieza type (stein et al., 2007; 2012), abscising at their
base. Terminal fusiform sporangia are known for all of these, being either recurved
(Calamophyton, Wattieza) or erect (Pseudosporochnus). These apparently represent the
earliest tree architectural types among euphyllophytes, being similar to some palms,
cycads and tree ferns (stein et al., 2007) in stem and root structure.
Where anatomy is known in the pseudosporochnaleans, it varies from being a
multistranded, anastomosing stele, producing similar but smaller multi-stranded steles
in lateral branches, as in Calamophyton or Pseudosporochnus (Figure 6), to being
comprised of individual radially oriented strands near the periphery of the stem adjacent
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Figure 4. A recent reconstruction of the cladoxylopsid Pseudosporochnus, showing its
crown of relatively large branch systems, each of which is closely dichotomous so as to
appear digitately divided. Reproduced from Berry and Fairon-Demaret, 2002, Figure 9,
Int. J. Plant sci. 163(5) 699-713. © 2002 by The University of Chicago.
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Figure 5. Calamophyton primaevum. Drawing of a stem showing two features- the
remnant bases of branches along the stem and parts of the attached, digitately arranged
branches at the crown. B. suggested anatomy of Calamophyton (Duisburgia) based on
Mustafa (1978) showing primary xylem in black, surrounded by aligned, possibly
secondary xylem (lines). Redrawn from Giesen and Berry, 2013; stem is from Figure
5a (in part), anatomy redrawn from Figure 17d.
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to a large pith in main trunk (Figure 5) as in the presumed base of Calamophyton stem
(Giesen & Berry, 2013) and Eospermatopteris/Wattieza (Boyer & Matten, 1996). Opinion
differs as to whether some of these plants exhibit a limited amount of aligned metaxylem
or secondary tissues. Coeval progymnosperms possess a eustele and bifacial vascular
cambium. Habit, branching, aspects of rooting and internal construction of the large
pseudosporochnalean cladoxylopsids might mean they already had diverged to the extent
that they have little relationship with extant polypodiid or equisetid lineages, but instead
represent a distinct lineage that flourished globally, then went extinct without any
survivors (see Rothwell & stewart, 1993).

Iridopteridaleans
Numerous Middle Devonian plants from laurussia, Gondwana, and China comprise
another lineage of Middle to Upper Devonian euphyllophytes, the Iridopteridales (stein,
1982; Fu et al., 2011) based on anatomy, morphology, or a combination of these
preservation forms (Figure 7). These plants as presently known are smaller than
cladoxylopsids, consisting of stems with a deeply ribbed mesarch actinostele comprised
of two to three centrally united arms, each arm dividing one or more times to form six
to twenty arms/ribs depending on the taxon. A single protoxylem region exists near the
end of each arm (Figure 7 A-C). Branching pattern is essentially whorled, each
protoxylem pole emitting a trace that supplies either a lateral branch or a smaller
dichotomous appendage, the two types occurring in the same whorl (Figure 7D).
sometimes branching occurs in only part of a whorl, with successive partial whorls offset
(stein, 1982). sporangia terminate ultimate dichotomizing appendages borne from
second order branches- some upright and some recurved (Berry &stein, 2000,
Compsocradus). Other, often less extensively preserved, taxa attributed to the
Cladoxylopsida are not treated here. Relationship to Polypodiidae is unclear; depending

Figure 6. Anatomy of a lateral branch system of Pseudosporochnus, which is
characteristic of many cladoxylopsids; the vascular bundles are arrayed in a manner
interpreted as representing the beginning of a dichotomy. Redrawn from stein and
Hueber, 1989.
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on what combination of characters are selected, they may be closer to Equisetidae; if
others, of uncertain affinity (stein et al., 1984; Berry & stein, 2000).

Rhacophyton and putative relatives
Rhacophyton (several spp) exhibits some characters that presage a fern type of
organisation, but also possesses secondary tissues and some morphology reminiscent of
progymnosperms or iridopteridaleans. somewhat rhizomatous to upright axes (?stems)
bearing adventitious roots in R. ceratangium (Cornet et al., 1976) produce single or paired
much divided lateral branch systems which overall appear three dimensional, with more
two-dimensional second order axes. The secondary axes depart oppositely, and range
from dichotomous to slightly pseudomonopodial. Fertile lateral branch systems are more
complex, each pair with one vegetative and one fertile unit. The vegetative segments are
elongate and bear divided higher order non-laminate ultimates. The fertile units are much
divided and recurved, forming rounded masses of dividing axes terminating in fusiform
sporangia with elongate tips. Anatomy of less extensively preserved, more upright
appearing stems of R. zygopteroides was described by leclercq (1951) from poorly
preserved specimens, and interpreted as an actinostele with unequally sized arms,
although these sections have deterioriated so this cannot be confirmed. similarly arranged
lateral branches produce clepsydroid shaped steles. Both were described as surrounded
by secondary xylem. In R. ceratangium, both main axis and lateral branches are
considered to have produced an elongated clepsydroid-shaped primary xylem,
surrounded by secondary xylem with rays (Cornet et al., 1976; Dittrich et al., 1983).
Traces to higher order axes also are known. R. condrusorum schultka (1978) is similar.
Ellesmeris Hill et al. (1997) exhibits a simpler, but similar overall architecture, although
the ultimate units are laminate, and fertile structures unknown. Anatomy is not intact,
but the authors suggest main axis and lateral branch produce an elongate haplostele, with
protoxylems near the tips of the arms. Knowing if all orders of branching possessed the
same type of stele, or alternatively that stelar configuration changed from radial to

Figure 7. line drawings of anatomy and stem portion of taxa included in
Iridopteridalean cladoxylopsids. A. Ibyka amphikoma; B. Iridopteris eriensis; C.
Arachnoxylon kopfii; D. Portion of stem and branching structure of Anapaulia moodyi;
whorls of branches alternate with dichotomizing structures similar to ultimate branchlets;
each lateral branch bears second and ultimate order branches. A-C redrawn from stein,
1982. D redrawn from Berry and Edwards, 1996.
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bilateral from main axis to lateral branch is of some significance in considering
relationships and what to interpret as stem vs. leaf in these plants. For the present they
usually are considered a separate lineage, Rhacophytaceae, although some authors
previously placed them as a basal member of the zygopteridaleans and others consider
them more allied to progymnosperms. Berry and Wang (2006) suggest, intriguingly, that
Rhacophyton shares some characteristics of iridopteridaleans.

STEM EUPHYLLOPHYTES AND RELEVANCE TO EVOLUTION OF LATER
FORMS
Trimerophyte grade euphyllophytes exhibit either dichotomous, anisotomous or strongly
pseudomonopodial branching of varying degrees of predictable cladotaxy. some of these
terminate in fusiform sporangia, ranging from loosely (Psilophyton-grade plants) to
densely (Pertica) clustered. Anatomy is known from parts of aerial systems of some
Psilophyton species, while anatomy is unknown in published Pertica species. However,
Gothanophyton and some undescribed plants at the Pertica-grade provide data about
possible anatomical variation in these entities, showing some differentiation between
ribbed main axes and lateral branches, and possibly indicating evolutionary trajectories
different from Pertica, although affinities of most of these are poorly understood.

Psilophyton-grade basal euphyllophytes
Psilophyton Dawson (Banks et al.) Doran (1980), initially based on dichotomous to
slightly pseudomonopodially branched axes, where anatomically preserved, exhibits a
haplostele with centrally located protoxylem (centrarch) with little or no differentiation
between main axis and lateral branch traces (Figure 8A). It thus appears the least
specialized of stem euphyllophytes, but that may be deceptive. At the same time, plants
of this type may be more closely related to polypodiids, or lineages leading to polypodiids
and equisetids, than many later-appearing taxa.
Over 14 species of Psilophyton are now recognized, some based on morphology, one
from anatomy only (P. coniculum) and others with both, although anatomy so far is not
extensively known in most species. Based on current knowledge, preservation ranges
from nearly complete plants (P. crenulatum) to more fragmentary remains. Phylogenetic
analyses involving more than one species of Psilophyton indicate the genus is not
monophyletic (Kenrick & Crane, 1997; Hao & Xue, 2013) and comparative evaluation
of known species further suggests the possibility that these species might represent more
than one taxon.
Psilophyton crenulatum Doran (1980), an apparently rhizomatous plant with upright
branch systems, exhibits dense regions of mostly vegetative branching, some of which
appear immature (apices present) while more distally, spacing of vegetative and fertile
lateral branches varies. Psilophyton dawsonii, based mainly on anatomy of a 2.5 cm long
specimen (Banks et al., 1975), possesses regions of closely spaced vegetative lateral
branches. The more distally located fertile lateral branches exhibit a trace suggested to
differ in shape from vegetative ones (Banks et al., 1975). some short dichotomously
divided lateral appendages are considered possible aphlebiae or roots. These features are
not known for any other Psilophyton species, including P. coniculum (Trant & Gensel
1985), known only from anatomy (no sporangia attached). In this species, more closely
spaced branching occurs mainly in lateral branches.
Comparison of the many other Psilophyton species indicates that relative distribution
of vegetative vs fertile regions is unknown, partly because the genus is best recognized
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morphologically from fertile specimens. In many instances the number of specimens
available or mode of preservation limits information. Where numerous specimens are
available, study shows branching is variously spaced. Frequently, lateral branches are
incomplete and finding completely vegetative branch systems is difficult.
It was previously questioned whether certain previously described species of
Psilophyton conform sufficiently to the concept of the genus. P. kräuselii, from the
Middle Devonian of Bohemia (Obrhel, 1959) is too poorly preserved to determine
affinity, being based on fragmentary fertile and sterile remains (Hao & Xue, 2013; this
paper). Hao and Xue (2008) also question the generic identity of P. szaferi, P. striatum
(Wang & Berry, 2001) and P. dapsile (Kasper et al. 1974) because they are either too
poorly known or lack twisted sporangia. Examination of P. dapsile sporangia in the
author’s collection suggest that while small, they do show some torsion. Psilophyton
szaferi, described by Zdebska (1986) from the lower Devonian of Poland, consists of a
portion of a lateral branch system with upright sporangia borne in loose clusters more
similar to those in Pertica and should be restudied. Psilophyton microspinosum from the
Early Devonian of Maine (Kasper et al., 1974) exhibits a more rigid pattern of lateral
branches and erect, untwisted sporangia, suggesting its affinity should be re-evaluated.
The few morphologically preserved Pragian Armoricaphyton and the Emsian
unnamed plant from Canada (Gerrienne et al., 2011; strullu-Derrien et al., 2014;
Gerrienne & Gensel, 2015) with an early type of secondary tissue are similar in stem

Figure 8. Diagrammatic drawings of small basal euphyllophytes; predominant mode of
branching shown above, anatomy below. Axes approx. 2-5 mm. A. a generalized drawing
of branch system of Psilopyton. Anatomy a centrarch haplostele, producing circular (or
possibly square, if fertile) lateral branches. B. Unnamed plant from Emsian, New
Brunswick (Gensel in prep). Ribbed, twice branched axes known. some stems with
elongate haplostele producing lateral trace, others indicate same type of haplostele
surrounded by secondary xylem. C. Armoricaphyton chateaupannense, Pragian, France
(Gerrienne et al., 2011; Gerrienne and Gensel, 2016). Ribbed, twice branched axes.
Primary xylem a round haplostele, surrounded by secondary xylem. Basal part of lateral
branch with secondary xylem, more distal region without. Dark circles or lines in center
of steles indicate protoxylem, white area primary xylem, lines = secondary xylem.
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diameter and branching, to Psilophyton (Figure 8 B, C). No fertile remains are known.
All of these taxa, along with Pertica type trimerophytes showing preserved anatomy,
exhibit P-type tracheid wall patterning sensu Kenrick and Crane, 1997 (Gensel,
unpublished data). This character may be less useful at lower taxonomic levels, as the
combination of characters evident in these plants suggest broader disparity among these
early simpler plants than previously realised.
Morphologically preserved Middle Devonian plants such as Planatophyton
(Gerrienne et al., 2014), Pauthecophyton (Xue et al., 2012), and Tsaia (Wang & Berry,
2001) are similar to Psilophyton in size and some aspects of branching but differ either
in specifics of branching, sporangial orientation and/or dehiscence mode. These may
represent distal regions of much larger plants or, alternatively, fragments of plants similar
to Psilophyton in size. Additional study of these plants may reveal features useful in
determining if they represent one, or several, lower to Middle Devonian genera and/or
lineages and clarify their postulated phylogenetic relationships.

Larger basal euphyllophytes similar to Pertica
Pertica and similar-appearing plants (Figure 9A-C) are taller and more robust in width,
with a dominant main axis and variously arranged lateral branches. Pertica spp. exhibit
mostly isotomously divided lateral branches with terminally borne, closely spaced, erect
fusiform sporangia. Anatomy is unknown in published Pertica species.
A new genus, initially considered Pertica-like but definitely an unrelated taxon
(Figure 9A), has a dominant main axis, helically arranged lateral branches that are single
or paired, and, in contrast to Pertica, dichotomously- divided ultimate units located along
their length, some sterile and some terminating in fusiform sporangia. Main axis anatomy
is an actinostele (usually) with a single central protoxylem and a protoxylem near the
end of each arm (Gensel, 1984). The lateral branch trace(s) are ovoid. There is no
evidence of secondary xylem.
An undescribed plant from the lower Devonian of New Brunswick is similar to
Pertica spp. in morphology (Figure 9B), with a dominant main axis, helical lateral
branches, and dichotomous laterals terminating in tight clusters of fusiform sporangia
(Gensel, in prep.). Anatomy is unusual, consisting of a “winged” stele in which four
major arms emanate from an elongate central region, but with one arm dividing further
(Figure 9B). At least two types of lateral branch traces are formed, differing from main
axis stelar configuration, but preservation is incomplete. Do other perticas have similar
anatomy or might there be variation?
Gothanophyton Remy et Hass (Figure 9 C), with a 1cm wide main axis and single or
paired lateral branches, exhibits a “winged” stele, consisting of an elongated central
region with two major arms extending from either end (Remy & Hass, 1986a). One or
more of the arms divide again, so that 4-7 armed steles are known. Protoxylems are
located at either end of the central region near departure of major arms and near the end
of each arm (Figure 9C). shape and/or lobing of lateral branch traces differ from the
main axis configuration. Morphology is poorly preserved, but the authors suggest lateral
branches departed singly, in pairs or in threes. Much more needs to be learned about this
complex lower Devonian plant.
In all of these plant types, protoxylems emanate from one or more of the main axis
arms to supply lateral branches and only primary xylem is present. Architecture of these
plants is morphologically and anatomically plastic, although with some common patterns,
but evidence is building that these taxa exhibit enough differences to not be closely
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Figure 9. Diagrammatic drawings of larger basal euphyllophytes, similar in size to
Pertica (main axes approx. 1 cm) - note that none show evidence of secondary xylem.
A. Plant described by Gensel (1984), with large main axis, single or paired lateral
branches, dichotomously divided ultimates arranged along lateral branches. Anatomy a
three-lobed stele with central protoxylem and protoxylem at end of each arm. First order
lateral trace (or pair of traces) oval, second order trace circular. (Gensel, in prep) B. A
Pertica-like plant with large main axis, helically arranged predominantly dichotomously
divided lateral branch, terminating in bunched sporangia (not shown). Anatomy consists
of slightly elongate central region from which four arms emanate, one of these divides
again to produce five arms total. Protoxylem located at each end of central area, and
ends of arms. First order traces are elongate to v-shaped or oval and in pairs as shown.
Gensel (in prep). C. Gothanophyton zimmermanni Remy and Hass. large main axis with
single or paired lateral branches (poorly preserved), bearing at least second order ones.
Main axis stele consists of an elongate central region from which 4-7 arms emanate.
Protoxylem located at each end of central region, along and at ends of arms. lateral
traces change shape after departure to become 4-lobed. Protoxylem in black. Clear area
in stele is primary xylem. C. redrawn from Remy and Hass, 1986.
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related. They are similar in showing a change in shape between main axis and first-order
lateral branches which conforms more closely to that seen in many ferns or extinct fernlike plants than anything known in progymnosperms, despite apparently comparing more
closely to the radiate protoxylem group.
Basal regions or rooting structures for Psilophyton and the taller euphyllophytes
mentioned above are unknown. The fossils appear to represent aerial shoots extending
from a rhizome, but it also is possible that some represent the main part of a nonrhizomatous plant that may have had a basal rooting system. Fairly wide, branched but
detached rooting structures running perpendicular to bedding surfaces occur in sediments
near some of the larger taxa in northern New Brunswick, while one long, downward
extending axis was discovered by Elick (1998) in Gaspé which may represent a rooting
structure.

Basal euphyllophytes incertae sedis
several upper lower Devonian plants (late Emsian) have been excluded from
phylogenetic studies, largely because their anatomy is unknown and branching pattern
and other features are unique. These include Oocampsa catheta, interpreted as a
trimerophyte-progymnosperm intermediate (Andrews et al., 1975), Chaleuria cirrosa
(Andrews et al., 1974) and an undescribed plant with similar branching architecture from
northern Maine (Gensel, in prep). They all exhibit a robust, fairly long, greater than 1
cm wide dominant main axis with densely spiraled lateral branches. In Oocampsa, higher
order branches are several times irregularly dichotomous, bearing clusters of ovoid
sporangia. Chaleuria and the new plant from Maine exhibit isotomous second-order
branches, some terminating in fusiform to ovoid sporangia. Basal regions and thus growth
habit(s) are unknown. One might expect either a multilobed or cladoxyl- like stelar
configuration based on the major branching patterns. Oocampsa differs from the other
two in higher order branching and sporangial morphology, while the other two represent
one or more as yet unrecognized lineages, or may be early members of one of the lateroccurring lineages such as cladoxyls or iridopterids.
stenokolealeans are still poorly known, but recent studies indicate a possible affinity
to early seed plants (Moment et al., 2016).

SUMMARY
significant new data now exist concerning the time of appearance of plants and
morphology and anatomy of some taxa. Exceptionally preserved plant remains have
indicated an earlier advent of plants, plant structures and habit, including transitions to
upright, even arboreal types by the Middle Devonian. limited evidence indicates a wider
array of growth strategies among these. Although the euphyllophyte and lycophyte
lineages separate very early in time, with each demonstrating acquisition of major plant
structures, gaps in preservation preclude establishing evolutionary trends or clear
phylogenetic relationships within each lineage, especially early vs later Devonian plant
types, and between Devonian and Carboniferous or younger lineages that appear more
directly related to extant ferns or lycophytes (similar situation for seed plants). As whole
plant reconstructions are made and new approaches employed, with new discoveries or
re-investigation of earlier material, assessment of character homology will be more
possible.
several putative candidate lineages leading to equisetids or polypodiids remain, but
it is clear that some, such as cladoxyls, are already highly specialized in development
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and construction by the Middle Devonian. Were more basal taxa similar, as suggested
by Lorophyton Fairon-Demaret et li (1993), Foozia minuta Gerrienne (1992) or perhaps
as yet unrecognized taxa? Basal euphyllophytes at the Psilophyton, Pertica, and
Gothanophyton grade are increasingly interesting in that it is among plants of this type
that early differentiation of anatomical configurations of main axis- lateral branch is
established. Within this group one might possibly be able to discern early divergence of
the fern sensu lato vs seed plant lineages. Further examination of anatomy and
organisation of lateral branch architecture, incorporating signals of developmental
differences, may aid in recognizing early stages in evolution of leaves- these clearly will
be different in various lineages. similarly, the questions of transitions between
predominantly rhizomatous and upright habit, and between types of rooting and of
organisation of reproductive structures in both major lineages may become clearer with
future discoveries or new approaches.
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