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AaSTO^cr. The rhizomorphic lycopsids are a putatively monophylefic group delimited by the rhizomor- 
phic syndrome- centralized determirtate growth artd secondary thici;enitig in their rootitig systems. Acladistic 
analysis of the most completely understood species provides the basis for two alternative, new classifications 
ot the group, one following strict phylogenetic classification criteria, th^ other more ttraditionally Linnean, 
Both are based on the same preferred most-parsimonious cladogram and place the rhizomorphic lycopsids in 
one order, the Isoetales. Also, both classifications delimit the same suprageneric groups: Hh&modendron + 
L&pidodendr6n. + L^pidophloios, Diaphorodendvon -f- Synchysidendfan, Si^iihym, and Chaloneria -F Is^etes ace well 

supported as monophylefic clades, but the basal plevus of bisporangiate-coned ulodendrids (Pardijcopodites + 
Oi:roadia + Paurodendfon) is paraphylefk. Both classifications differ from all previous studies in 1} assigning all 
rhizomorphic lycopsids to a single order, and 2) recognizing the trees Diaphoroddndroti plus Synckysidendron as 
a distinct family, the Diaphorodendraceae. A generally applicable paleobotanical taxonomic philosophy is 
outlined that broadly reflects a phylogenetic framework based on living species (if available) and recon- 
structed whole-plant fossil species. These core species provide a framework into which are interpolated 
satellite taxa: fossil isolated organs and partial plants. 

Much has been written regarding the relation- 
ship between classification and phylogeny. Most 
authors supported an explicit role for evolution, 

arguing that "taxonomy follows phylogeny". This 
debate has gained momentum from the insistence 
by most dadists that taxonomic ranks should reflect 

only strictly monophylefic relationships, thereby 
permitting full recovery of cladistic pattern from 

the resulting classification (e.g., Wiley 1979j Wiley 
et al. 1991; Forey 1992b). While philosophical 
debates took place among systeniatists at large, 
most paleobotanista continued traditional taxo- 
nomic practice, apparently constrained by the 
supposedly unique problems presented by fossil 
plants. Problems such as disarticulation and varia- 
tion in form with preservational state have been 
used to justify, for example, placing reproductive 
organs and vegetative organs of the same whole- 
plant species in different families, as part of a larger 
debate about "form" species and "organ" species 
(cf. Faegri 1963; Krassilov 1969; Meyen 1973, 1975, 
1978a, b, 1987; Jansonius 1974; Schopf 1978; Harris 
1979; Meyen and Traverse 1979; Chaloner 1986; 
Cleal 1986; Bateman et al. 1992a). 

For paleobotanical data to be most effective in 

addressing larger questions of evolution and 
systematic philosophy, studies of fossil plant 
phylogeny should tai<e the same approaches as 
systematics of modern organisms. Although consid- 
eration should be given to the special problems 
posed by fossils (notably disarticulation and preser- 
vational vagaries), paleobotanists should aim for a 
fundamentally biological approach to the study of 
evolutionary relationships and classification In this 
paper we attempt to meld a philosophy of 
classification with a phylogenetic study of the 
Carboniferous rhizomorphic lycopsids (Bateman et 
al. 1992), and demonstrate a practical yet biological 
approach to classification. 

MATERIALS AND METHODS 

The. Khizamorphic Concept. Rhizomorphic ly- 
copsids produce woody tissue (secondary xylem) 
somewhere in their shoot and root systems and 
thus are arborescent. The defining characteristic of 
the group is bipolar growth from a centralized, 

shoot-like rootstock, the 'rhizomorph'. We use the 
term 'rhizomorph' for the rooting structures of this 
monophylefic group for several reasons. First, root 
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systems among the major lineages of lycopsids 
differ greatly in architectural and developmental 
patterns, and homologies appear to be few. Second, 
the term 'rhizophore' has been suggested by some 
authors; however, rhizophore commonly has been 
used to describe the non-homologous root-like 
structure that originates within stem bifurcations of 
bilaterally symmetrical species of Sdaginella P. 
Beauv. Note that the selaginelloids are the likely 

sister clade of the rhizomorphic lycopsids. Al- 
though the term 'rhtzomorph' is used to describe 
certain fungal structures, this is far less likely to 
confound interpretation than use of the same term 
(rhizophore) for non-homologous structures in 
sister-groups vjithin the Lycopsida. Third, the term 
rhizomorph is already available in the literature as 

a descriptor of the rooting structure of stigmarian 
lycopsids (Bierhorst, 1971; Rothwell and Erwin 
1985; Pigg 1992). Use of this established, accurate 
descriptor seems preferable to coining yet another 
term. 

Current Knowledge of the Rhizomorphic Lycop- 

sids. The zenith of rhizomorphic lycopsid diver- 
sity, both taxonomic and structural, was reached 
during the Carboniferous, particularly in wetland 
habitats (DiMichele et al 1992). The only extant 
genus attributable to this clade, Isoetes L. (including 
Stylites Amstutz), is a pale shadow of ancestors that 
ranged in habit from pseudoherbaceous ground 
cover to towering trees. The arboreous lycopsids 
(those with tree habit: Bateman et al 1992) are a 

non-monophyletic group within the more general- 
ized monophyletic arborescent clade, which is the 
most derived portion of the Lycopsida (Bateman 
1990,1992a). 

The fossil record of the arborescent lycopsids 
begins in the Late Devonian. By the Early Carbonif- 
erous several widely recognized genera existed, 
including most of those that would become 
common in Late Carboniferous coal swamps 
(Bateman et al. 1992: Fig. 3). These plants are 
preserved most commonly as adpressions (compres- 

sions and impressions: Shute and Cleal 1987; 
Bateman 1991), which reveal features of external 
axial ornamentation, branching patterns, and, in 
exceptional cases, body size. Petrifactions also 
occur, beginning in the Lower Carboniferous, when 
they generally are associated with fluviatile and 
volcanigenic landscapes (Scott et al. 1984; Scott and 
Rex 1987; Bateman and Scott 1990). The most 

detailed anatomical information comes from petri- 
fied peats within Upper Carboniferous coals (coal 
balls: see Phillips et al. 1976, Scott and Rex 1985), 

which preserve a remarkable spectrum of details on 
anatomy, reproduction and growth form. Thus, 
most of the described Late Carboniferous genera 
are now known in great anatomical detail. Correla- 
tions between vegetative and reproductive organs, 
and between petrified and adpressed remains, have 
allowed reconstruction of numerous rhizomorphic 
lycopsids as whole plants, providing the basis to 
infer life history, ontogeny, physiology, and pa- 

leoecology of each (for review see Baternan et al., 

1992). 
Phylogcnetic Analysis: Background. We under- 

took a phylogenetic analysis of the most completely 

known species of arborescent lycopsids—those for 
which the anatomy, growth habit, and reproductive 

biology had been characterized. Species known 
only from adpressed preservation, or only from 
isolated petrified vegetative or reproductive or- 
gans, were excluded for two reasons. From a strictly 
methodological perspective, large tracts of missing 
data dramatically reduce the effectiveness of a 
cladistic analysis. Also, we wished to reconstruct 
relationships as accurately as possible, and our 
studies showed that stable phytogenies cannot be 

recovered when only vegetative or only reproduc- 
tive organs are used (Bateman and DiMichele 1991; 
Bateman et al. 1992; R. M. Bateman, unpublished 
data). 

The present analysis used without modification 
the data-matrix of Bateman et al. (1992). This was 
based on 16 reconstructed whole-plant species of 
ten genera: the large-bodied trees Paralycopodites E. 

D. Morey and P. R. Morey, Sigillaria Brongniart, 
Diaphorodendfon DiMichele, S]jnchysidendron 

DiMichele and R. M. Bateman, L&pidodendron 

Sternberg, and Lepidophloios Sternberg, and the 
smaller-bodied pseudoherbs/shrubs Oxroadia Al- 
vin, Paumdendron Fry, Hizemodendfon R. M. Bate- 
man and DiMichele, and Chalonerm Pigg and 
Rothwell. 

Our preferred most-parsimonious cladogram is 
presented in Fig. la (details of supporting charac- 
ters, alternate topologies, and experimental manipu- 
lation of data are presented in Bateman et al. 1992). 
The cladogram summarizes the morphological 

variation among these plants and suggests several 
distinct clades. 

Most species included in the phylogenetic analy- 
sis were trees (arboreous habit): Paralycopodites, 

brevifotius (Morey and Morey) DiMichele (Morey 
and Morey, 1977; DiMichele 1980), SigHlaria sp. nov 
from the Westphalian A (see Bateman et al. 1992), 
SigUMria approximata Delevoryas (Delevoryas 1957), 
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Diaphomdendmn vasculare (Binney) DiMkhele, D. 
sclerciiicum (Pannell) DiMichele, D. philiipsii 
DiMichele (DiMichele 1981, 1985; Wnuk 1995; 
DiMichele and Bateman 1992, 1993), Synchysiden- 
dron dkentrkum (Felix) DiMichele and R. M. 
Bateman, S. nsinosum DiMichele and R. M. Bate- 
man (DiMichele 1979b, 1985; Wnuk 1985; DiMichele 
and Bateman 1992), Lepidodendron hickii Watson 
(Watson 19Q7; DiMichele 1983), Upidopkhios hnllii 
(Evers) DiMichele (DiMichele 1979a), L. harcourtii 

(Witham) Seward and Hill (Bertrand, 1891; Calder 
1934), and its probable conspecific L. "johnsonii" 

(Arnold) DiMichele (DiMichele 1979a; Winston 
1988). Of the non-trees, Hizemodendmn serratum 

(Felix) R. M. Bateman and DiMichele (Baxtec 1965) 
was a sprawling pseudoherb, but clearly is closely 
related to L^pidodendron. and appears to have 
evolved by changes in developmental timing 
(Bateman and DiMichele 1991). Paurodendronfraipon- 

tii Fry (Phillips and Leisman 1966; Schlanker and 
Leisrnan 1969; Rothwell and Erwin 1985) was a 
sprawling, centrally rooted pseudoherb, smaller 
than but similar in vegetative grovvfth habit to the 
only Lower Carboniferous species in the analysis, 
Oxroadia gracihs Alvin (Alvin 1965; Long 1986). 
Chahneria cormosa Pigg and Rothwell (Pigg and 
Rothwell 1983a, b) was columnar and unbranched, 
with an estimated height of 1-2 m. 

The species were coded for 115 bistate characters 
(80 phylogenetically informative), giving a primary 
matrix that contained only 5 % missing values. The 
matrix was subjected to two separate analyses for 
the present paper. Both studies analyzed ordered 
characters using the branch-and-bound search 
algorithm and MINF optimization algorithm of 
PAUP 3.1.1 (Swofford 1993) and excluded autapo- 
morphies from tree-length calculations. 

RESULTS 

The first analysis mirrored the core analysis of 
Bateman et al. (1992). The cladograms included all 
16 species and were and rooted and polarized using 
a hypothetical ancestor that closely resembled 
Oxroadia gmcills. Figure la shows the preferred 
most-parsimonious topology, which intermingles 
trees and non-trees (pseudoherbs). Among the 
trees, Lepidodendron plus Lepidophioios and Diaphom- 

dendmn plus Synchysidendron are depicted as both 
highly derived and closely related. Sigillaria lies 
outside these genera, and most primitive of all the 
trees is Paralycopodites. If trivially different permuta- 
tions of the three Lepidophtoios species are ignored. 

the analysis yielded only two other most-parsimo- 
nious topologies. They differ from Fig. la in the 
relative positions of Farcdycopodites and Chaloneria, 
which can either be unresolved or transposed; 
neither rearrangement alters the perceived relation- 

ships of the tree-sized genera. 

In the present analysis, the strength of empirical 
support for nodes was assessed using three 
criteria: 1) the number of character-state transi- 
tions (either all transitions, or non-homoplastic 
transitions only); 2) bootstrap analysis based on 
an overnight run of 500 replications (e.g., Felsen- 
stein 1985), and 3) decay index values based on 
progressively less parsimonious strict consensus 
trees (e.g., Bremer 1988). The positive correlation 
observed between the two measures is poor, 

though replication values greater than 95% and 
decay indices of at least three can be expected for 
nodes supported by more than five non-homoplas- 
tic transitions or more than eight transitions of any 
kind. Together, these measures show that the 
preferred most-parsimonious cladogram offers 
strong support for monophyly of most of the 
revised genera but for few relationships among 

species or, more importantly, among genera. The 
notable exceptions are the generic pairings of 
Ditiphorodendron plus Synchysidendron, and Lepido- 

dendron plus Lepidophloios. This relative weakness of 
the tree at higher taxonomic levels was attributed 
primarily to topological instability caused by 
putative broadly paedomorphic, independent ori- 

gins of all the small-bodied genera from tree-sized 
ancestors (Bateman and DiMichele 1991; Bateman 

1992a, 1994; Bateman et al. 1992). 
In the light of this paedomorphic hypothesis, we 

reanalyzed the matrix after omitting the small- 
bodied faxa. If relationships among the Lepido- 

phloios species are again ignored, the reanalysis 
results in a single most-parsimonious tree (Fig. lb). 
The topology and branch lengths closely resemble 
those of Fig. la, though there is one significant 
difference: Sigillana is depicted as sister-group to 
Diaphorodeyulron. plus Synchysidendron alone rather 
than Diaphoradendron plus Synchysidendron and 
Lepidodendmn plus Lepidopitioios. However, obtain- 
ing the latter topology for the trees-only analysis 
requires only one extra step, and the crucial node 
linking Sigillaria with the diaphorodendrids in Fig. 
lb has low values for bootstrap (67%) and decay 
index (2), Moreover, three of the four character- 
state transitions supporting the node reflect rever- 
sals of polarity, which resulted from the omission of 
the non-trees and the use of Paralycopodites as an 
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arboreous outgroiip. In fact, only one synapomor- 
phy (microspores bear a distinctive equatorial 
thickening termed a crassitude) genuinely unites 
the putative clade. Thus, of the two hypotheses of 
relationship among the tree-sized genera, we 
tentatively prefer Fig. la to Fig. lb. 

TAXONOMEC TREATMENT 

General Pfoblems. There are numerous chal- 
lenges in the classification of fossil plants that are 
rarely encountered when dealing with extant 
forms. These include fragmentary preservation, 
missing data (systematic studies of extant plants, 
particularly tropical woody species analogous to 
the coal-swamp lycopsids, reveals similar difficul- 
ties), and preservational factors. In particular, 
different modes of preservation can reveal suites of 
characters so different that few direct comparisons 
of homologous characters are possible (e.g., Galtier 
1986). Poorly known taxa, or those preserved in a 
manner different from the best known taxa, should 
be omitted a priori from phylogenetic analysis, 
though they can be inserted into topologies a 
posteriori. 

Many of the aforementioned difficulties affect 
poorly known lycopsids but do not apply to the 
classification of the best known Carboniferous 
species. The most significant problem in the 
phylogenetic study of the rhizomorphic lycopsids 
is the paucity of whole-plant reconstructions of 
Upper Devonian and Lower Carboniferous species. 
The phylogenetic position of plants such as Lepido- 
dendro-psm J. Lutz, Cydostigma Haughton, and 
Valtneyerodendmn J.R. Jennnings relative to bona 
fide "stigmarian" taxa and Chaloneria will strongly 
influence suprafamilial taxonomy Consequently, 

the present taxonomy of the group should reflect 
primarily what is known with confidence, gener- 
ally a system that will inevitably change as 
important new data accrue. 

Criteria far Paleobotanictil Classification, We 
suggest the following criteria as a basis for 
classifying fossil plants, and have applied them in 
the classification of the rhizomorphic lycopsids. 

(1) Taxonomy should broadly reflect inferred 
phylogenetic relationships Phylogenetic rationale 
and pattern should be presented clearly, an objec- 
tive that is most readily achieved by cladtstic 
methods. Explicit phylogenies need not be cladistic, 
however, and not all cladistically constructed 
phylogenies are presented in a sufficiently explicit 
manner (for example, many cladograms are pub- 
lished without supporting data matrices). 

(2) In attempting to aggregate species into 
higher ta>^ we have emphasized both the circum- 
scription of monophyletic groups and the large 
morphological discontinuities separating some of 
the sister groups. In other words, we desire a 
classification that contains information on morpho- 
logical distinctiveness as well as the primary 
pattern of evolutionary relationships inferred from 
nested sets of synapomorphies. Monophyletic taxa 
are preferred, but paraphyletic taxa are considered 
acceptable if they can be readily delimited using 
e>^plicit criteria (e.g.. Stein and Beck 1987). 

If classification is to encapsulate both phyloge- 
netic history and the magnitude of morphological 
difference between species or groups of species, 
higher taxa may be circumscribed best by exclud- 
ing one or more highly derived monophyletic 
ingroups to leave a paraphyletic residuum. Inter- 
nodes supported by unusually large numbers of 
character-state   transitions,   or  by  character-state 

F[G. 1. Preferred most-parsimonious c la da grams based on llSbistate characters coded for (a) 16 whole-plant species 
af rhizomorphic lycopsids (cf. Bafeman et al. 1992, fig. fi), rooted and polarized using a hypothetical ancestor based 
largely on Oxroadia, and (b) a reanalysis based on the same data-matrix but including only the 12 arboreous (tree-sized) 
species, rooted and polarized using Paralycapoditt^. The length of each internode is proportional to the number of 
supporting character-state transitions, this figure is given above the horizontal line, followed in parentheses by the 
number of those character-state transitions that are non-homoplastic. The percentage bootstrap replicabilify and decay 
index respectively of the node are given below the line; wide branches are the strongest nodes (bootstrap > 80 %; decay 
index 2 3). The number of species-level autapomorphic character states follows in parentheses following each binomial. 
Vital statistics as follows: analysis (a), length 128 steps, consistency index 0.625, retention index 0.813, reseated 
consistency index 0.508, analysis (b), length 82 steps, consistency index 0.744, retention index 0.869, rescaled consistency 
index 0.646. Species as follows: HYAN, hypothetical ancestor, OXGR, Oxraadia p-acih^; PNFR, Paumdeiidmn fmiponiii; 
PSBR, Pai-nhjcopoditss hrsvifolius; CHCO, Chaloneria comto^a; SIAP, Sigillaria apprtixun^ta; SINS, S. sp. nov.; SYRE, 
SynchyStid^ndrdfi yi^sinamm; SVDI, S. dicenincum; DIPH, Diaphoradendran ptiilHpsii; DIVA, D. yj^scidare; DISC, D. sd&rfyticum.', 
HZSE, HaAmodaidran s^rratum; LNHI, lepidodendroti hickii, LSHC, Lepidophioios harcourtii, LSJO, L. 'jokn^onii' (see Winston 
1988); LSHL, L. hallii. 
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transitions giver heavy a posteriori weightirg, 
could be severed by the analyst when constructing 
a classification firom a phytogeny (long-branch 
partitioning sensu Bateman 1992b, 1995) Such a 
classification remains fundamentally phylogenetic 
while retaining the flexibility necessary to incorpo- 
rate information on the distinctiveness of taxa 
(particularly at higher levels). 

(3) The phylogeny should be based on whole- 
plant speaes- Because species (p a leon to logical or 
ne onto logical) are biological hypotheses, many 
lines of evidence can be brought to bear on their 
reconstruct ion (the precise definition of a whole- 
plant species, its nature, and the taxonomic treat- 
ment of its component parts, are all highly 
controversial). Frequent assertions that organic 
connection is the only satisfactory evidence for 
reconstructing fossil plants tail to recognize this 
hypothetical (and fundamentally probabilistic) na- 
ture ot whole-plant species constructs (Baternan 
and Rothwell 1990). 

(4) Supraspecitic taxa should be based on 
reconstructed whole-plant species. Taxa at all ranks 
should possess character states that permit them to 
be recognized unambiguously, and that specify 
particular levels of universality Species may have 
particular combinations of charater states that 
permit them to be recognized, even if none of the 
states are uniquely derived (they may in theory be 
thedirect ancestors of relatively derived forms) For 
example, Di&pkorodendron vasculare lacks hist ate 
autapomorphies (DiMichele and Bateman 1992) 
and hence is a "metaspecies" (sensu Donoghue 
1985; Donoghue and Cantino 1988; de Queiroz and 
Donoghue 1988). Nevertheless, it is morphologi- 
cally distinct from all other species of the genus, 
and thus can be circumscribed unequivocally. 

Our emphasis on species in classification, most 
notably as the core units of higher taxa, reflects two 
underlying concepts. First, whole-plant species 
represent the smallest hypothetical units we can 
hope to specify using morphology (only in rare 
instances is it possible to describe a complete, fully 
articulated individual). Although their perceived 
relationships to each other may change, the 
fundamental circumscription of whole-plant spe- 
cies tends to rernain reasonably stable following 
addition of new information. Second, studies of the 
rhizomorphic lycopsids (and of many other groups 
of fossil plants) have entailed excessive lumping at 
the generic level. For example, the traditional 
concept ot Lepidodendron is based solely on the 
possession ot higher-than-wide leaf cushions; this 

defining character is a plesiomorphy and encom- 
passes so much variation that in practice it is of 
little phylogenetic value (DiMichele 1983, 1985; 
Bateman et al. 1992, see also Thomas and Meyen 
1984). In addition, uncritical use of form-genera has 
resulted in the agglomeration of organs from 
distinct whole-plant species into polyphyletic organ- 
genera, and has led to classifications where differ- 
ent organs from the same whole-plant species are 
placed in different families. Such nightmarish 
entanglements can be minimized by basing generic 
concepts primarily on whole-plant species rather 
than isolated organs. 

(5) Satellite designation (sensu Thomas and 
Brack-Hanes 1984) should be employed for the 
classification of organ-based form-genera that can- 
not be placed into acceptable whole-plant con- 
structs. Nonetheless, satellite taxa represent species- 
level hypotheses, and as such can be assigned to 
higher taxa based on the presence of diagnostic 
characters. Any polyphyletic satelhte taxon (one 
that appears in two or more higher taxa that are not 
sister groups) should be dismantled if possible. 

This protocol generates paleontologically-based, 
natural higher taxa ot whole plants, biological 
entities comparable to those of neobotany (where in 
practice the morphospecies remains pre-eminent, 
despite occasional homage to biological and other 
species concepts). It also allows the inclusion of 
form-taxa (for those who wish to use them) as 
satelhte taxa. 

The system that we have constructed for the 
rhizomorphic lycopsids is both explicitly biological 
and based on cladistic phylogenies. We have 
focused on conceptual whole-plant species, circum- 
scribed using available data on organ connection, 
association/dissociation, and anatomical similarity. 

Suprageneric Classification of the Rkizontoyphic 
Lycopsids. Here we restrict discussion to those 
Carboniferous whole-plant species that were in- 
cluded in the phylogenetic analysts shown in Fig. 
la. Omitted from the analysis were additional 
species of Oxroadk and Chalonena that differed 
from the included species only in continuous 
characters such as size, and several named entities 
best classified as satellite taxa. Incompletely known 
Late Carboniferous taxa include Sublepidophlaios 
Sterzel (Hopping 1956), Asolantis Wood (Wood 
I860; Daber and Kahlert 1970), Bothmdmdmn 
Lindley ex Hutton (Wnuk 1989), Spomngiostmbus 
Bode (Wagner 1989) and Miadesima C. E. Bertrand 
(Benson 1908). From the Early Carboniferous the 
adpressions L&pidodendmpsis (lurina and Lemoigne 
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1975; Jennings et aL. 1983) and Vahneyivodmdron 
(Jennings 1972), and the petci/actions Levicauiis 
C. B. Beck (Beck 1958), Landeyrodendmn Meyer- 
Berthaud, and TrabicauUs Meyer-Berthaud (Meyec- 
Berthaud 1981, 1984), and the problematic species 
"Lepidodendron" cahmopsoides A. G. Long (Long 
1971) and "Lepidodendron" browmi Chodat (Meyer- 
Berthaud 1981), are at present too incompletely 
known for inclusion in the cladistic analysis, as are 
enigmatic species from near the Devonian- 
Carboniferous boundary (Matten 1989; Roy aud 
Matten 1989). The inability to include these taxa 
leaves in doubt many suptafamilial relationships. 

CLASS. Withiu the Lirmean hierarchy, we clas- 
sify the lycopsids as a Class, Lycopsida (the name 
Lycopodiopsida, rooted in the extant genus Lycopo- 
dAiim L,, is preferred by some authors), within the 
Phylum Tracheophyta (e.g., Stewart and Rothwell 
1993), rather than as the Subphylum Lycophytina 
(e.g., Banks 1975; Niklas and Banks 1990) or the 
Phylum Lycophyta (eg., Bold 1967; Taylor and 
Taylor 1992; see Bateman 1990). In the strict 
cladistic classification, however, we use the grade 
Lycophytina. The inflationary practice, in which the 
rank of this group is raised, is part of a larger 
system in which all traditional orders of nou- 
angiospermous seed plants (Cycadales, Conifer- 
ales, Ginkgoales, Gnetales, and numerous e>^tinct 
seed-plant orders) are elevated to Phylum rank, 
with each Phylum encompassing only one Class 
and each Class encompassing only one Order (e.g.. 
Bold 1967); Coniferales is subdivided into more 
than one order in some classifications but the 
inflationary problem remains. Also elevated to 
Phylum in such inflated systems are the Classes 
Sphenopsida and Pteropsida (= Polypodiopsida of 
some authors), as well as the angiosperms, which 
are traditionally treated as one or two classes (e.g., 
Cronquist 1988). The lack of phylogenetic structure 
in the inflated classification is apparent. Unless 
evolutionary relationship is to be denied, it is clear 
that the eutracheophytes (sensu Kenrick and Crane 
1991) are monophyletic and divided basally into 
two major clades: 1) the zosterophylls—lycopsids 
("lycophyfes" of Kenrick and Crane 1991; see also 
Gensel 1992), and 2) the 'trimerophytes' and 
their descendents: sphenopsids, pteropsids, pro- 
gyrrmosper mops ids, and seed plants. 

The inflation of taxonomy appears to have 
resulted from the restrictions placed on angiosperm 
classification by the limited number of traditional 
Linnean ranks. In a temporally top-down approach 
(i.e., beginning with extant plants and only later 

considering their evolutionary history), the angio- 
sperms naturally occupy center stage, and tax- 
onomy is distorted to accommodate their much 
greater (if taxonomically superficial) diversity In an 
explicitly historical, bottom-up approach (one focus- 
ing mainly on the larger pattern of descent with 
modification), the angiosperms are perceived more 
clearly within the context of the Mesozoic seed- 
plant radiation; structural differences between the 
angiosperms and the other seed-plant orders are no 
greater than those among the non-angiospermous 
orders. We would classify angiosperms as an order 
and emphasize their exceptional present-day spe- 
cies diversity only at infra-ordinal leveb. Conferral 
of informal names for higher-order plant groups of 
the Silurian and Devonian (Crane 1990; Kenrick 
and Crane 1991) offers an alternative nomencla- 
tural approach. 

ORDERS. It is almost universally accepted that 
there are three extant orders of lycopsids: Lycopo- 
diales, Selaginellales, and Isoetales. The Isoetales 
possess rhizomorphs and are related closely (if 
somewhat ambiguously) to the Carboniferous 
rhizomorphic forms (Bateman et al. 1992, Bateman 
1992a; Pigg 1992). 

In principle, we believe a strong argument can be 
rnade for including all rhizomorphic lycopsids, 
including hoetes, in one order, following the 
suggestion of Meyen (1987). Key synapomorphies 
for this group together constitute the rhizomorphic 
syndrome; rootstock with centralized determinate 
growth and secondary thickening, wood produced 
from a unifacial cambium; lateral appendages 
(rootlets) leaf-like, un branched or with single 
isotomous branch, borne plesiomorphically in 
helical rhizofaxy (as opposed to phyllotaxy, which 
describes the pattern of leaf display). Other 
characters diagnostic of the clade that reflect shoot 
organization and vegetative anatomy and are not 
enumerated here (see Bateman et al. 1992). The 
phylogenetic and ontogenetic significance of this 
suite of characters has been widely discussed 
elsewhere (Eggert 1961,1972; Paolillo 1963; Karrfalt 
1984; Rothwell and Erwin 1985; Rothwell and Pryoc 
1991; Bateman et al. 1992; Bateman 1994). 

Naming this order is problematic. Either the 
traditional Isoetales or the Lepidodendrales could 
be expanded to include the several currently 
recognized orders that include rhizomorphic lycop- 
sids, but the circumscription of both names is 
deeply entrenched. Because ordinal names are free 
of the laws of priority, we prefer a new ordinal 
name, Rkizomorphales; however, we are prevented 
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from formalizirg this name here due fo roinencLa- 
tiiral corvention. Thus, we here follow the usage of 
Meyen (1987) and use the name Isoetales. 

FAMIUES. The traditional. Carboniferous-age 
'stigmarian' lycopsids, comprise four groups in our 
cladistic analyses (Figs, la, b). Three of these are 
both unambiguously monophyletic and supported 
by several synapomorphies, and hence can be 
classified as bona fide families: the SigiUariaceae 
{Sigilk-ym), Diaphorodendraceae (Dmpkorodendron^- 
Synchysidendran), and Lepidodendraceae {Hizemo- 
deniran-—Lepidodendron•—Lepidopkloios). Paralycopo- 
dites can be included in the family Ulodendraceae, 
although this family will be a relatively poorly 
delimited parafa>^on when compared with the other 
families. Part of the difficulty in classifying Paralyco- 
podites and its bisporangiate-coned relatives reflects 
the paucity of Early Carboniferous tree forms in the 
analysis, and the effect of this absence on the 
perceived positions of the pseudoherbs Oxmadia 
and Paurodendron. Sprawling pseudoherbs, such as 
Oxmadw. and Paurodendron, probably evolved by 
profound paedomorphic reduction from Early 
Carboniferous arboreous ancestors. This obscured 
their true relationships within the bisporangiate- 
coned parataxon that is basal to the rhizomorphic 
lycopsids (Bateman 1994, 1996). We now present 
two classifications of the rhizomorphic lycopsids 
that focus on the ranks that separate genus and 
order. Together they illustrate how the phyloge- 
netic relationships shown in Fig. la and the 
supporting character-state changes can be trans- 
lated into significantly different classifications, 
even when broadly similar philosophies are ap- 
plied to the same bask data. First we present a 
'relaxed' phylogenefk classification, which was 
constructed largely by the senior author. 

Relaxed Phylogenetic Classification. All taxa 
are encompassed by the Phylum Tracheophyta, the 
Class Lycopsida and the order Isoetales. 

LEPIDODENDRACEAE. DEFINING CHARACTERS. Syn- 
apomorphies^Megasporangium bilaterally flat- 
tened; megasporangium dehiscence distal (within 
the conte>^t of the megasporangium-sporophyll 
complex). Parallelisms—Complex microspore cin- 
gulum (shared with ParalycopodiUs); densely granu- 
late microspores (shared with Pamlycopodites). 

The evolutionary simplification of Hizemodendron 
(Bateman and DiMichele 1991) caused the apparent 
loss of many characters or their reversion to less 
complex, more primitive states. If the anomalous 
Hizemodendron is removed from consideration, the 
arboreous members of the Lepidodendraceae share 

the following additional characters: Synapomor- 
phies—Infra foliar parichnos present below leaf 
scar; periderm massive, with two to three histologi- 
cally disfinct zones. Parallelisms—Periderm "resin- 
ous" (shared with SigiUariaceae); leaf cushion 
height 1 width ratio 1 : 1 or less on terminal 
branches (shared with SigiUariaceae); leaf vascular 
strand dorsiventrally flattened (shared with Di^pho- 
rodendron sderoticiim); paired abaxial grooves on 
leaf (shared with SigiUariaceae and Diaphorodendron 
scleroticum). 

The Lepidodendraceae is universally recognized 
(in some instances under the name Lepidocar- 
paceae: e,g, Chaloner 1967; Thomas and Brack- 
Hanes 1984) as encompassing the most highly 
derived species of arboreous lycopsids, consisting 
of five or more species distributed among at least 
three genera: Hizemodendron, L&pidodendron, and 
Lepidophloios. Recent discovery of anatomically 
preserved specimens shows that Subkpidophloios 
(Flopping 1956) is also a member of the family 
(W. A. DiMichele, unpubl. data). 

Lepidodcndron has been at the roof of extensive 
confusion and overlumping in the taxonomy of 
arboreous lycopsids for more than 150 years (see 
discussion in DiMichele 1983, 1985; Bateman and 
DiMichele 1991; Bateman et al. 1992). This resulted 
from unwarranted reliance on a narrow set of 
plesiomorphic leaf-cushion characteristics fo circum- 
scribe the genus (higher-than-wide tangential di- 
mensions; foliar parichnos; small leaf scar; ligule pit 
above leaf scar), thereby including a broad spec- 
trum of taxa that prove to be vegetatively and 
reproductively distinct when a wider range of 
characters is considered. Additional confounding 
factors also have contributed to this taxonomic 
morass. For example, the bisporangiate cones of 
Paralycopodites (f'kmmgiies Carruthers pro parte: 
Brack-Hanes and Thomas 1983) have been mistak- 
enly correlated with Lepidodendron s.l,, resulting in 
placement of all or part of the genus in a family of 
more primitive pleisomorphic forms (Flemingita- 
ceae of Thomas and Brack-Hanes 1984). As an 
experiment, Bateman et al. (1992) reconstructed the 
rhizomorphic lycopsid phylogeny with the tradi- 
tional Lepidodendmn s.l. constrained as monophy- 
letic; this proved an untenable hypothesis. The 
phylogeny was far less parsimonious, and the 
resulting taxon lacked synapomorphies. It is largely 
through disassembly of the paraphyletic Lepidod£n- 
dron into highly disfincfive monophyletic genera 
that we have been able to delimit more clearly the 
other families of arborescent lycopsids. 
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Hizemodendron, a pseudoheirb, evidently repre- 
sents a reduction from arboreous ancestors, prob- 
ably within Lipidad&ndron (Baternan and DiMichele 
1991). This simplifies and thus potentially broadens 
delimitation of the Lepidodendraceae. We believe 
that it would be appropriate to treat Hizemodendmn 
as sister group to Lepidodendvon alone, not to 
Lepidodendron-—Lepidophloms. Rather than never 
having possessed the synapornorphies that unite 
Lepidodendron and Le-pidopkloiaa, Hi2e.mad&ndron ap- 
parently lost these characters by reversal to earlier 
plesiomorphic states, thereby placing Hizemoden- 
dron lower in the tree. 

DlAPHORODENDRACEAE.    DEFINING    CHARACTERS. 
Synapornorphies—Protostele with parenchyma- 
tous core; parenchyma cells formed independently 
of profracheids, thus forming a true pith; phellem 
and p hell ode rm histologically distinct; p hello derm 
composed of alternating bands of thick- and 
thin-walled cells; sporangium wall hetecocellular; 
megasporangium dorsiventrally flattened; megas- 
porangium dehiscence prowmal (within context of 
megasporangium^sporophyll unit); me gas pore 
bears massa; microspore contact face granulo- 
foveolate; microspore distal ornamentation papil- 
late. Parallelisms'—Thin-walled parenchyma sur- 
rounding leaf trace (shared with Sigdlaria sp. nov.); 
leaf-cushion upper field plicate (shared with Hizemo- 
dendron); leaf-cushion upper and lower fields 
separated by lateral line (shared with Lepidaden- 
dron); megasporophyll alations short, horizontal 
(shared with Sigillariaceae); equatorial crassitude 
on microspore (shared with Sigillariaceae). 

The Diaphorodendraceae encompasses a well 
studied, distinctive group of lycopsids segregated 
from Lepidodendron (DiMichele 1985; DiMichele and 
Bateman 1992). The family consists of at least five 
anatomically preserved species in two genera, 
DiRphnrod&ndran and Ssynchysidendmn. Many of the 
corrunon Late Carboniferous species of compres- 
sions described as Lepidodendron are in fact assign- 
able to these genera. For example, 'Lepidodendron' 
bretonense Bell and 'L.' rimoswn. Stecnberg as 
described by Wnuk (1985) appear to be species of 
Dinphoivdendron and Synchysidendron respectively. 

SIGILLARIACEAE. DEFINING CHARACTERS. Synapo- 
morphies-—Leaf trace originates from two protoxy- 
lem strands; peridetm includes bands of "resinous" 
cell clusters; massive parichnos strands present in 
peciderm; leaf vascularized by two xylem strands 
(paired leaf central vascular bundle); medial ad- 
axial groove on leaf; echino-conate distal ornamen- 
tation   on   microspore.   Parallelisms—Cone   pe- 

duncles or cone-bearing lateral branches borne on 
main trunk (shared with Paralycopodites and D^pftfl- 
mdendvon)-, tangential intecarea expansion between 
leaf cushions (shared with SyYLckys,iden.drQn.); peri- 
derm "resinous" (shared with Lepidodendraceae); 
leaf-cushion height : width ratio 1 : 1 or less on 
terminal branches (shared with Lepidodendra- 
ceae), 'V'-shaped vascular strand (shared with 
Chalonerid); paired abaxial grooves on leaf (shared 
with Lepidodendraceae and Diaphorodendron sderoii- 
cum); short, horizontal megasporophyll alations 
(shared with Diaphorodendraceae); equatorial cras- 
situde on microspore (shared with Diaphorodendra- 
ceae). 

The family Sigillariaceae (Sigillariostrobaceae of 
Thomas and Brack-Hanes 1984) is probably the 
most universally recognized and accepted family of 
rhizomorphic lycopsids (e.g., Chaloner 1967). Nu- 
merous species of Sigillarm have been described 
from both petrified and adpressed preservation 
states Detailed analysis of this genus probably will 
result in segregation of several genera (e.g., 
Lemoigne 1961). However, Sig'dlaria is less com- 
monly preserved as petrifactions than genera of the 
Diaphorodendraceae and Lepidodendraceae, so its 
breadth and variation in anatomical characters are 
less well understood. We tentatively included 
Aaolayiua in the Sigillariaceae; indeed it may be 
congeneric with SigillarsA (Daber and Kahlert 1970). 

ULODENDRACEAE. DEFINING CHARACTERS. Synapo- 
rnorphies—Prominent leaf traces in periderm; 
rugose ornamentation of megaspore contact faces; 
microspores with distally ornamented cingulum 
complex. Parallelisms—cone peduncles or cone- 
bearing lateral branches borne on main trunk 
(shared with Sigillariaceae and Diaphorodendra- 
ceae); more than one cone per lateral branch 
(shared with Dmphorodendron); angle between ma- 
ture leaf and subtending axis acute (shared with 
Paurodendron, Ckalonerui, and Hiiemodendrony, micro- 
spore with equatorial cingulum complex (shared 
with Lepidodendraceae); microspore distal orna- 
mentation densely granulate (shared with Lepido- 
dendraceae). 

A natural group cannot be circumscribed by a 
suite of characters that is, in the present analysis, 
entirely plesiomorphic However, relative to the 
rest of the arboreous lycopsids, the Ulodendraceae 
has a unique combination of primitive and derived 
traits (Bateman etal. 1992). 

The Ulodendraceae includes the anatomically 
preserved genus Paralycopodites (DiMichele 1980), 
which ranges through the c. 45 myr of the Visean, 
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Namurian, and Westphalian stages o( the Carbonif- 
erous. Minor quantitative differences among associ- 
ated cones suggest that this genus includes at least 
three species (Brack-Hanes and Thomas 1983). We 
expect that the family eventually will include 
several additional genera, particularly from the 
Early Carboniferous. If presently includes the most 
primitive of the six arboreous "stigmarian" genera 
analyzed by us. Pearson (1986) suggested that the 
predominantly Late Carboniferous Paralycopoditea 
as emended by DiMichele (1980) is synonymous 
with the Early Carboniferous Anahathra Witham. 
Initially we accepted this synonymy (Bateman et al. 
1992: appendix le), but we have since examined the 
type of Ambathra in the Natural History Museum 
(London) and find that it is too incomplete to 
synonymize confidently with Pamlycopodites. As 
described by Pearson (1986), Anabatkra is a compos- 
ite based on several specimens that range in age 
fromTournaisian to Westphalian (Appendix 1). 

The Ulodendraceae as we envision it is both 
paraphyletic and basal to the rhizomorphic clade. 
There is less faxonomic precedent foe the Ulodendra- 
ceae than foe the more derived families. The closest 
approximation is the Fleming if aceae of Thomas 
and Brack-Hanes (1984), which in their system is 
based on reproductive morphology. The Flemingita- 
ceae, as seen in the light of more recent whole-plant 
reconstructions, is polyphyletic (due to the inclu- 
sion of "Lepidodendron" s.l.), but being based on 
bisporangiate cones it contains a central character 
of the Ulodendraceae. The cone genus Fiemingiies, 
and hence the family Flemingitaceae, is united only 
by the shared primitive feature of bisporangiate 
morphology If broadly construed (for the time 
being) the Ulodendraceae could include as satellite 
taxa problematic forms such as the large bisporan- 
giate cone Flemingites brownii (Unger) Brack-Hanes 
and Thomas, which clearly is related only distantly 
to smaller forms such as F. diverstis (Felix) Brack- 
Hanes and Thomas. 

The Ulodendraceae of Chaloner (1967) is based 
on the adpression genus Ulodendron Lindley & 
Hutton. As recircumscribed by Thomas (1967), 
Ulodendron appears to be congeneric with Paralyco- 
padites (DiMichele 1980), although this may be 
confirmed ultimately only by finding an excep- 
tional specimen that combines diagnostic anatomi- 
cal features of both anatomy and external morphol- 
ogy. We have chosen the name Ulodendraceae for 
this family because: 1) current evidence supports 
the correlation between petrifactions and adpres- 
sions, albeit equivocally;   2) Ulodendraceae has 

priority over any new name that may be created; 
3) the name is already in current use, and 4) it is 
more pronounceable than its possible alternative, 
"Paralycopoditaceae." 

Primarily on the basis of roots toe k morphology, 
Karrfalt (1981) suggested that Oxroadm represents a 
distinct group of rhizomorphic lycopsids. This 
argument was further developed in a whole-plant 
context by Bateman (1989) and Stewart and 
Rothwell (1993), who inferred a close relationship 
between Oxroadia and Paurodendron. Indeed, in Fig. 
la the two genera are depicted as a clade within the 
primitive bisporangiate-coned basal group, though 
in fact their monophyly is supported only by the 
echinate ornamentation of their micro spores (Bate- 
man et al. 1992). Bateman (1992a, 1994) subse- 
quently argued that the two genera are equally 
likely to have evolved independently, by broadly 
paedomorptiic reduction from different tree-sized, 
ulodendrid ancestors. Given present knowledge of 
the basal rhizomorphic plexus, it would certainly 
be premature to recognize formally the 'Pauroden- 
draceae' of Bierhorst (1971) as a separate family. 

IsQETACEAE. DEFIN[NG CHARACTERS, Synapomor- 
phies—Bilaterally symmetrical rhizomorph. Sporo- 
phylls grouped into fertile areas on aerial stems. 

The taxonomically diverse isoetacean lineage 
was represented in this analysis by only one species 
(Ch/iloneria coTmosa). Consequently, the presumed 
monophyly of the family could not be tested. 
Moreover, the topological position of Chnloner'm in 
the dadogram is especially equivocal (Fig. la). 
Despite the lack of an analytical context, there is 
strong circumstantial evidence ttiat several lycop- 
sid genera with bilaterally symmetrical rhizo- 
morphs form a distinct clade, which diverged from 
(or alternatively was ancestral to) the radially 
symmetrical lineage during the Devonian (e.g., 
Jennings et al. 1983; Rothwell and Erwin 1985; Pigg 
1992). The isoetacean clade is well represented 
throughout the fossil record by genera that on 
average became smaller-bodied and less branched 
with time, though probably not gradually nor in the 
unidirectional, linear reduction series envisaged by 
Magdefrau (1956). They include Pmtostigmana 
Jennings, Sporangiostrobus, Chaloneria, Pkuromem 
Giebel, Nathorstiana P. R. Richt., Takhtajanodom 
Snigirevskya, and Isoetes (including hoetites Mun- 
ster and the extant Stylites) (summarized by Pigg 
1992). These genera differ greatly in body plan, 
varying from highly branched arboreous forms, 
such as Leptdodendropsis (the "parent plant" of 
Protosti^marm, Jennings et al. 1983) to pseudoherba- 
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ceous forms such as the e>^tant [soetes. As a iresuLf, 
many authors have apportioned the genera among 
different families (e.g., Chaloner 1967; Pigg and 
Rothwell 1983b; Thomas and Bcack-Hanes 1984; 
Meyen 1987; Stewart and Rothwell 1993), ard some 
authors have even segregated certain genera as the 
basis of separate orders (e.g., Taylor and Taylor 
1992). Multiple orders are difficult to justify, and 
assignment to several families must be regarded as 
provisional at best in the absence of well supported 
phylogenies. 

A more narrowly circumscribed and morphologi- 
cally uniform family Isoetaceae can be delimited by 
exclusion of the few large, arboreous forms, such as 
Lepidodendropsii/Pfotostigmaria and possible rela- 
tives Eospertwitapteni Goldring and LipidoiigiUaria 
Krausel and Weyland (Pigg 1992). This exclusion 
leaves a group of genera that possess unbranched 
or sparsely branched stems with sporangia aggre- 
gated in terrninal cones or more commonly non- 
terminal fertile zones on the aerial shoot, characters 
that are potential synapomorphies of the more 
narrowly circumscribed family. In this more re- 
stricted sense the Isoetaceae would share bilaterally 
symrnetrical rhizomorphs with another, less well 
understood group of Late Devonian and Lower 
Carboniferous isoetoids characterized by arboreous 
habit and frequent branching. The evolutionary 
reductions that gave rise to the smaller-bodied, 
unbranched forms appear to have begun early in 
the evolution of the clade and became increasingly 
extreme during the Mesozoic and Cenozoic. 

Strict Phylogenetic Classification. The follow- 
ing alternative outline classification of the rhizomor- 
phic lycopsids is favored by the junior author and 
accepted (although not preferred) by the senior 
author. It is based on the preferred most- 
parsimonious cladograms of Kenrick and Crane 
(1991: Fig. 26) and Bateman (1992a: text-fig. 16a; 
Fig la of this paper) for ordinal and supraordinal 
taxa, and that of Bateman et al. (1992: Fig. 6) for 
infraordinal taxa. With the exception of the uloden- 
drid basal ple>^us, all ta>^a (including the listed 
whole-plant genera) are hypothesized to be mono- 
phyletic. Listing of genera is highly conservative, 
and is confined to ten fossil genera that include at 
least one fully reconstructed whole-plant species, 
plus the one extant genus of rhizomorphic lycop- 
sids (Isoetes, including Stylites). 

Choice of supporting character states was also 
highly conservative. All are non-homoplastic syn- 
apomorphies supporting the relevant nodes of the 
cladograms; even of those some (for example, the 

relatively poorly conserved spore characters) were 
discarded in order to maximize the robustness of 
the classification. Single key character states (itali- 
cized) a bo have been selected to delimit each 
monophyletic faxon. This unashamedly typological 
approach deliberately renders the classification 
highly robust; the addition of further whole-plant 
species to the analysis can break up suites of 
character states treated here as diagnostic, but the 
taxon per se will only be fragmented if the italicized 
key character state is rendered homoplastic as a 
result of reanalyzing the expanded cladistic matrix. 
Thus, the following classification is reduced not 
only to the best known core genera but also to the 
best known core characters. No attempt has been 
made to include satellite taxa; this would have 
required a far more detailed discussion and 
classification. 

Phylum Tracheophyta 
Helica.lMnnula)' water-conducting cells m axes 

Sub phylum Lycophytina 
Sporangia reniform; borne laterally. 

Class Lycopsida 
Metaxylein tracheid perforations contain William- 
son striations (fimbrils). Sporangia borne heli- 
cally or pseudo helically. 

Order   Isoetales   (Rhizomorpha   sensu   Bateman 
1992a) 
True bipolar rhizomorph emitting monarch root- 
lets, conferring centralized determinate growth 
and secondary thickening; the latter reflected 
in the presence of wood, periderm and a 
three-zoned cortex. 

Parataxon 'Ulodendrineae' 
Rhizomorphic lycopsids lacking both bilater- 
ally symmetrical rhizomorphs and monospo- 
rangiate cones. 
Core genera: Paralycopodites, Oxroadixx, Pauroden- 
dron. 

Suborder Isoetineae 
Rhizomorph bilaterally symmetrical. 
Core genera: Chaloneria (also extant Isott&s, 
including Stylites). 

Suborder Dichostrobiles 
Leaf is an outgrowth of only a portion of the 
leaf base ('cushion'). Cones monosporangiate; 
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dispersal unit sporangium-sporophyll com- 
plex. 

S up eir family Sigillarianae 
Leaf contains two vascular traces, arising from 
adjacent protoxylem strands in axis. Infrafoliac 
parichnos penetrate periderm. 
Core genus: SigiUaria. 

Super family Monomegasporae 
Single functional megaspore per megasporangmm; 
germinates within sporangium. 

Family Diaphorodendraceae 
Stem with true pttk (medullated). Periderm 
clearly bifacial with distinct p he Hem and 
p he Ho derm. Megasporangium dorsiventrally 
flattened with proximal dehiscence and hetero- 
cellular wall. Megaspore bears massa. 
Core genera: Diaphorodendron, Synckysid&n- 
dron. 

Family Lepidodendraceae 
Megasporangium bilaterally flattened with distal 
dehiscence. Megasporophyll alations suberect 
or erect. 
Core genera: Hizcfnadendmn, Lepidodendron, 
Lepidophloios. 

Three of these nested higher taxa have been 
given new names that reflect their key diagnostic 
characters. The rhizomorph-bearing Order Isoe- 
tales comprises the Orders Lepidodendrales and 
Isoetales of most authors; here, the traditional 
Isoetales, including the extant genera, is down- 
graded to the Suborder Isoetineae. The Suborder 
Dichostrobiles (Greek: dicha, in two, strobiles, cone— 
referring to the separation of megasporangia and 
microsporangia in discrete cones) corresponds to 
the traditional Lepidodendrales less the arboreous 
members of the bisporangiate-coned ulodendroids 
The Monomegasporae, characterized by seed-like 
megasporophyll complexes, corresponds to the 
traditional Lepidodendraceae less the arboreous 
members of the bisporangiate-coned ulodendrids, 
prior to the revision of DiMichele (1983,1985). 

Two parafaxa are relevant to this classification. 
Our Subphylum Lycophytina should not be con- 
fused with the Division "Lycophyta" of Thomas 
and Brack-Hanes (1984), which is synonymous 
with our Class Lycopsida. Within the Subphylum 
Lycophytina, the putatively monophyletic Class 
Lycopsida is nested within the Parataxon 'Zosfero- 

phyllopsida' (cf. the cladograms of Crane 1990; 
Gensel 1992). The second parataxon, the'Ulodendri- 
neae', is explicitly included in the present classifica- 
tion. It is used as a temporary repository for 
primitive rhizomorphic lycopsids whose precise 
phylogenetic relationships remain ambiguous. Al- 
though the group is partly delimited using plesio- 
morphies (or more accurately the absence of 
apomorphies), it nonetheless can be diagnosed 
readily. 

DISCUSSION 

Comparison of the Relajced and Strict Classifica- 
tions, The aforementioned relaxed and strict 
classifications are based on the same cladogram 
(Fig. la) and hence are similar in most characteris- 
tics. Both assign all of the rhizomorphic lycopsids 
to one order, the Isoetales. Within this order, genera 
are apportioned to the same higher taxa, which, 
except for the basal ulodendrid plexus, are all 
putatively monophyletic. Although some of the 
names given to the suprageneric taxa are novel, 
they differ between the classifications only in the 
suffix that denotes faxonomic rank. 

There are, however, two important differences 
between the two classifications. First, the prefer- 
ence for uniformly familial assignments in the 
relaxed classification contrasts with the use in the 
strict classification of superfamilial and subordinal 
ranks to encompass more of the phylogenetic 
structure of the cladogram (though note that the 
provisional recognition of the paraphyletic uloden- 
drids means that even the strict classification 
includes some ambiguity; it does not allow com- 
plete reconstruction of the cladogram). Second, the 
relaxed classification employs a much larger num- 
ber of characters that include homoplasies, though 
these are distinguished from the more diagnostic 
non-homoplastic characters. The more heavily 
culled strict classification uses a far smaller number 
of exclusively non-homoplastic characters. 

Comparison of Present with Previous Classifica- 
tions. Table 1 compares both of the present 
classifications with five previous classifications of 
the rhizomorphic lycopsids. Note that the table 
focuses on family and order levels, and its 
compilation required some reinterprelations of 
aspects of the earlier studies. 

Only the present study assigns all of the 
rhizomorphic lycopsids to a single order. Rather 
than recognizing the Isoetales as a coherent group, 
most previous studies, elected to distinguish the 
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Lepidodendralea (Lepido car pales of Thomas aad 
Brack-Hanes 19S4) and Isoetales s. str. at ordinal 
level. However, in this configuratioa the Lepidoden- 
drales is paraphyletic relative to the Isoetales. Only 
Meyen (1987) subsumed the Lepidodendrales into 
the Isoetales, an action that we support. However, 
he did not include all the rhizomorphic forms in the 
order, following earlier authors who assigned 
Paurodendron and Oxroadia to other orders. 

Among the non-trees, all studies recognized the 
close affinity of Haemodendron to Lnpidodendron, 
albeit implicitly as organ-species rather than explic- 
itly as whole-plant species. All also recognized the 
close affinity of Chaloneria to [soeies, the archetypal 
isoetalean. However, no consensus was reached 
regarding the other pseudoherbs. Only Stewart and 
Rothwell (1993) acknowledged Paumdendmn as a 
rhizomorphic lycopsid; most authors assigned the 
genus to the SelagineHales and some treated it as 
synonymous with Selagmella or Selaginellites Zeiller 
(e.g., Thomas and Brack-Hanes 19S4), Even more 
bizarre is the repeated misassignment of the woody, 
ligulate, heterosporous Oxroadia to non-woody, 
eligulate, homosporous orders: to the Protolepido- 
dendrales by Chaloner (1967) and Thomas and 
Brack-Hanes (1984), and to the Lycopodiales by 
Meyen (19S7) and Taylor and Taylor (1992). Stewart 
and Rothwell (1993) chose to assign both Oxroadia 
and Paumd&ndmn to the Isoetales, despite their 
fundamentally radially symmetrical rhizomorphs 
(cf. Rothwell and Erwin 1985; Long 1986; Bateman 
1992a). 

There is more agreement regarding the taxonomy 
of the tree-sized genera. All of the tabulated studies 
awarded Sigillaria its own family, the SigiUariaceae 
(Sigillariostrobaoeae of Thomas and Brack-Hanes 
19S4), and assigned most of the remaining tree 
genera to the Lepidodendraceae (Lepidocarpaceae 
of Thomas and Brack-Hanes 19S4; Meyen 19S7). 
Only we have separated Diaphoradendron and 
Synchysidendron from the true lepidodend rids {Hize- 
modendron, Lepidodendron, and Lepidophioios) as the 
new and highly distinct family Diaphorodendra- 
ceae (Figs, la, b). The main taxonomic variable is 
Paraiycopodites, which was lumped with the lepido- 
dendrids sensu lato by Bierhorst (1971), Meyen 
(1987), and Rothwell and Stewart (1993), but given 
its own family of bisporangiate-coned trees by 
Chaloner (1967) as the Ulodendraceae and by 
Thomas and Brack-Hanes (19S4) as the Flemingita- 
ceae. We have no hesitation in supporting the 
segregation of Pamlycopoditei, from the other repro- 
ductively more sophisticated trees, but have chosen 

to recognize taxonomically its many similarities 
(body size notwithstanding) and close phylogenetic 
relationship with smaller bodied bisporangiate- 
cone rhizomorphic lycopsids such as Oxroadia and 
Paurodendron (Fig. la). 

Thus, earlier classifications of the rhizomorphic 
lycopsids less accurately reflected evolutionary 
relationships. This is not surprising, as systems that 
arrange organs into phenetic groups, often delim- 
ited by shared primitive characters, reflect phylog- 
eny only partially and ambiguously. 

Many authors have advocated a hierarchy among 
organ-taxa, giving primacy not to whole plants but 
to reproductive organs (e.g., Meyen 1978a, 1987; 
Thomas and Brack-Hanes 1984). Although repro- 
ductive organs are on average the most reliable 
taxonomic indicators, they are, for example, insuffi- 
cient to determine relationships among the genera 
of the Ulodendraceae and Diaphorodendraceae. We 
obtained credible, fully resolved dadograms for the 
rhizomorphic lycopsids only by including a full 
range of reproductive and vegetative characters 
(Bateman and DiMichele 1991; Bateman etal. 1992). 
Admittedly, the 'correct' topology can be fairly well 
approximated using only stem anatomy and cone 
morphology, but this conclusion could only be 
reached after having determined the best topology 
using all the available characters (Bateman 1994). 
Thus, it is isolated organs and partial plants rather 
than all fossils that should be fitted a posteriori into 
phylogenies and thus into classifications (Dono- 
ghue et al. 1989; Bateman 1992b; but see Patterson 
1981; Forey 1992a). 

Moreover, emphasis on particular organ types is 
both artificial and unnecessarily restrictive. Given 
that different organ systems evolve at different 
rates (mosaicism sensu Knoll et al. 1984), no one 
system should be granted taxonomic precedence a 
priori. We have therefore adapted the core taxa plus 
satellite taxa system of Meyen and Thomas and 
Brack-Hanes, using whole-plants rather than repro- 
ductive organs as our core taxa. Satellite designa- 
tion is useful for tentative placement of organs that 
so far lack a whole-plant context yet exhibit 
characters that allow their assignment to a supraspe- 
cific taxon. It also allows permanent supraspecific 
classification of organ-species that have been 
placed in a whole-plant context but are known to 
lack any of the defining autapomorphies of that 
particular whole-plant (for example, we are not 
sanguine that species-level autapomorphies will 
ever be found in Stigmaria Brongniart). 

The approaches advocated here incorporate a 
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degree of flexibility iato fundamentally Linnean 
classifications and contraveae strict cladistic prin- 
ciples (e.g., Wiley et al, 1991; Forey 1992b). 
Nonetheless, we have ensured that the classifica- 
tions are consistent with the preferred cladogratn 
even though they do not reflect its entire structure. 
Future empirical research will lead to more confi- 
dent phylogenetic hypotheses and thus to further 
taxonomic revisions. 
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APPENDIX 1. 

In an earlier paper (Bateman et al. 1992, Appendix Ic) we presented a brief discussion of the nomenclatural conun- 
drum surrounding the relationships of three fossil genera that were all based on vegetative axes: the adpression 
genus UladeMdron Lindley and Hutton and the petrifaction genera Anahalhra Witham emend. Pearson (1986) and 
Para/ycopadiffsMoreyandMorey (1977). We accepted that Ulodendron had nomenclatural priority but argued the 
genus was too broadly defined (i.e., its supposedly delimiting characters were too generalized) to regard it as synony- 
mous with the petrifaction genera. However, we accepted Pearson's (1986) arguments that Anabathra is synonymous 
with, and pre-dates, Psrslyoipodites; we therefore used the former rattier than the latter in a series of recent papers on 
the rhizomorphic lycopsids (Bateman 1991, 1992a; Bateman and DiMichele 1991; DiMichele et al. 1992, Bateman et al. 
1992; DiMichele and Bateman 1992). However, in September 1992 we re-eyamined the type and other materials 
studied by Pearson (1986) at the British Museum (Natural History). Following this study we are obliged to reject Ana- 
buthm for ttie same reason that we originally rejected Ulodetyimn, and have chosen to resurrect the far more narrowly 
delimited Paralycopodites sensu DiMichele (1980). 

Ansbaihra is based on a nodule containing a single axis that includes only a stele, secondary xylem, and a small lat- 
eral branch trace, embedded in a matrix of elastics and detrital plant material We believe that sediment infilled the 
rotting cortical region of ttie stem; the periderm was removed later by decay or abrasion. The stele appears to be non- 
coronate with a large pith.; an associated 4 mm-diameter lateral branch trace is associated with a bon^fiAe stelar gap. 
These features are consislml with Pardycapodiies but they are plesiomorphic and thus not diagnostic ai the genus. 

Pearson (1986: 278-9) noted ttiat [eafy twigs and reproductive remains associated with the holotype of Anabathm 
are also broadly consistent with Pamlycopodltes. However, many of these characters, such as leaf retention, are simi- 
larly plesiomorphic. Pearson (1986, figs. 18-2Q) also illustrated an Early Westphalian nodule from Yorkshire that con- 
sists of an anatomically preserved but somewhat vertically compressed stem bearing two opposite rows of small (c. 
10 cm diameter) ulodendrid branch scars. Short leaves remain attached to the approximately equiditnenslonal leaf 
bases. The small (c. 1 cm diameter) stele has a relatively large pith and shows evidence of lateral branch traces, but 
lacks wood. Overall, this specimen is more Uke Pardycapodiies than is the type of Anabmhra. 

In summary, the holotype of Anabathm cannot be confidently united with either the associated plant material or 
with the holotypes of Paralycopodites or Ulodendron, though all three genera share several characters and are probably 
all attributable to the basal group of the rhizomorphic lycopsld clade (Fig. la). Although Paralycopodites is the most 
recent of the three generic names, it is also by far the most precisely delimited and is the only one of the three genera 
that has yielded a fully recortstructed species. 


