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Evolution of developmental potential and the multiple
independent origins of leaves in Paleozoic vascular plants

C. Kevin Boyce and Andrew H. Knoll

Abstract.—Four vascular plant lineages, the ferns, sphenopsids, progymnosperms, and seed plants,
evolved laminated leaves in the Paleozoic. A principal coordinate analysis of 641 leaf species from
North American and European floras ranging in age from Middle Devonian through the end of the
Permian shows that the clades followed parallel trajectories of evolution: each clade exhibits rapid
radiation of leaf morphologies from simple (and similar) forms in the Late Devonian/Early Car-
boniferous to diverse, differentiated leaf forms, with strong constraint on further diversification
beginning in the mid Carboniferous. Similar morphospace trajectories have been documented in
studies of morphological evolution in animals; however, plant fossils present unique opportunities
for understanding the developmental processes that underlie such patterns. Detailed comparison
of venation in Paleozoic leaves with that of modern leaves for which developmental mechanisms
are known suggests developmental interpretations for the origination and early evolution of leaves.
The parallel evolution of a marginal meristem by the modification of developmental mechanisms
available in the common ancestor of all groups resulted in the pattern of leaf evolution repeated
by each clade. Early steps of leaf evolution were followed by constraint on further diversification
as the possible elaborations of marginal growth were exhausted. Hypotheses of development in
Paleozoic leaves can be tested by the study of living plants with analogous leaf morphologies.
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Introduction

Paleontology enjoys a rich tradition of re-
search on the evolution of morphological di-
versity. Beginning with Raup’s (1966) quanti-
fication of molluscan morphospace based on
the geometry of coiled shells, paleontologists
have used mathematical descriptions of shape
(MacLeod 1999; Smith and Bunje 1999); con-
tinuous, quantitative measurements of dis-
tances among morphological points deemed
homologous (Bookstein 1991); and discrete
qualitative characterizations of morphology
(Foote 1995) to illuminate the history of mor-
phological diversity in invertebrates and skel-
etonized protists (see McGhee 1999 for re-
view).

Developmental biology offers the prospect
of understanding the genetic and physiologi-
cal bases of morphology and, hence, of mor-
phological evolution. To date, however, few at-
tempts to integrate data from paleontology
and developmental biology (reviewed in Shu-
bin et al. 1997; Valentine et al. 1999; Knoll and
Carroll 1999) have taken advantage of the pos-
sibilities afforded by morphometric analyses
of the fossil record.

Vascular plants are particularly well suited
for the integration of developmental biology
and paleontology. The presence in plants of
cell walls vastly increases the probability of
anatomical preservation. Cell walls also pro-
hibit cell migration, constraining the types of
development that are possible in plants and
facilitating the recovery of developmental pat-
tern from fossils. (In structures such as the
vascular cambium of seed plants, the tips of
developing cells can grow intrusively between
other cells, and cell contacts can be established
between cell files on either side of a cambial
initial that is lost. However, even in this spe-
cial case of secondary growth, there is no ac-
tual cell migration; cambial ontogeny can still
be traced readily in the cambium-derived
wood [Barghoorn 1940]). This stands in
marked contrast to animals, where ontogeny
involves complex patterns of cell movement,
changing cell contacts, and cell death.

Additional advantages arise because land
plants essentially all make their living in the
same way (Knoll and Niklas 1987; Niklas
1994). There are various specializations to deal
with limitations of water, light, nutrients,
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symbionts, and substrates, but, with the ex-
ception of a few parasites, all plants gather
sunlight, water, and carbon dioxide in order to
conduct photosynthesis. As a result, there is,
in general, far less uncertainty about the in-
terpretation of functional morphology in fos-
sil plants than there is with fossil animals.
This uniformity of life strategy, in conjunction
with developmental constraints, also increas-
es the likelihood of evolutionary convergence.
Roots, secondary growth, and laminate leaves
each evolved multiple times in different tra-
cheophyte lineages. Such repeated instances
of convergent evolution permit developmental
comparison of multiple independent origins
of morphologically and functionally similar
structures.

This combination of developmental con-
straint, cellular preservation, and convergent
evolution makes plants unusually attractive
subjects for morphological analysis. Leaves
are particularly advantageous for studies of
morphological evolution. Leaf compressions
are abundant in fluviatile and lacustrine de-
positional systems, the leaf fossil record is
well documented, and leaves are the one or-
gan for which both overall morphology and
details of vascularization are commonly avail-
able in the same specimen. Furthermore, lam-
inate leaves are known to have evolved inde-
pendently in several Paleozoic tracheophyte
clades, and the degree of morphological con-
vergence among these early leaves is high.
Leaves produced by early pteridophyte and
seed plant lineages were in some cases so sim-
ilar to modern fern leaves that only in the ear-
ly twentieth century did paleontologists rec-
ognize that some were borne by seed plants
(reviewed in Scott 1909).

In this paper, we present a morphospace
analysis of Paleozoic leaves and interpret the
results in light of developmental processes in-
ferred from preserved morphologies.

Patterns of Morphological Evolution in

Paleozoic Leaves

During the later Devonian and Early Car-
boniferous, laminate leaves containing multi-
ple veins evolved independently in seed
plants, progymnosperms, ferns, and sphenop-
sids. The leaves of ferns, seed plants, and pro-

gymnosperms have traditionally been termed
megaphylls and considered to be homolo-
gous. By definition (Gifford and Foster 1989),
megaphylls are associated with leaf gaps in
the stele of the supporting stem; they can be
frondose or entire, and typically are laminate
and contain more than one vein (unless sec-
ondarily reduced as in most conifers). Al-
though widely applied, this megaphyll typol-
ogy is an artifact of the depauperate living flo-
ra. Once fossils are included, no component of
the megaphyll concept emerges as a synapo-
morphy uniting these lineages. In particular,
the central tenet of associated leaf gaps is not
relevant to the earliest fossil representatives of
these lineages, all of which are protostelic
(Taylor and Taylor 1993).

It is possible that some or all of these line-
ages inherited a lateral branch system with a
broadly frondlike architecture from their
common ancestor (Kenrick and Crane 1997).
The likelihood of this is dependent on the phy-
logenetic placement of a few key taxa of am-
biguous affinities. The traditional placement
of the ferns and seed plants as sister taxa, with
Equisetum as the closest outgroup, suggested
that a frondose megaphyllous leaf was a syn-
apomorphy shared by the ferns and the seed
plants. However, the most recent phylogenetic
work based on living plants places Equisetum

and the Psilotales along with eusporangiate
ferns as basal lineages in a clade containing all
extant pteridophytes, save for lycopods (Pryer
et al. 2001). Statements about last common an-
cestors, then, depend critically on how key
Devonian plants without laminated leaves are
added to this phylogeny.

Even if certain frond characteristics turn out
to be synapomorphies of the clade that in-
cludes sphenophytes, ferns, progymno-
sperms, and seed plants, however, the termi-
nal units on any fronds inherited from a com-
mon ancestor would have had little or no lam-
ination. The earliest known leaves in each of
the four clades are highly dissected structures
composed of segments that were small, nar-
row, and with a single vein. In light of these
fossils, our assessment of leaf evolution does
not depend on any particular phylogenetic hy-
pothesis.

A survey of the Paleozoic compression flora
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of North America and Western and Central
Europe was carried out to investigate patterns
of morphological diversification in the early
evolution of leaves within and among groups.
Each species was described from a single pri-
mary source, although stratigraphic ranges
and taxonomic affinities were modified using
the full list of sources (see Appendix 1). Tax-
onomic affinity was assigned only to leaves
with documented connection to either fertile
structures or stems with diagnostic anatomi-
cal features. Association of leaves and fertile
structures at the same localities was not con-
sidered sufficient for taxonomic assignment.

Morphological similarity of a species to oth-
er leaf species of known taxonomic affinity
also was not considered. For example, many
Neuropteris species are listed as having un-
known affinities despite the fact that some
Neuropteris species are known to have been
borne by seed plants. An exception to this was
made in the case of the gigantopterids. Seed
plant identity has been documented only for
Asian gigantopterid species, which are be-
yond the scope of this study, but the unique
construction of gigantopterids warrants
placement of the two gigantopterid species in-
cluded from North American localities as seed
plants. Fossils that could not be identified to
the species level and taxa for which photos
with identifiable venation were not available
were excluded from the analysis. Of the re-
sulting list of 641 taxa, 52 are seed plants, 144
are pteridophytes, and 445 are of unknown af-
finity (many of these are probably but not de-
monstrably seed plant remains). Among the
pteridophytes, there are 15 progymnosperms,
33 sphenopsids, 19 leptosporangiate ferns, 27
marattialean ferns, 15 zygopterids, and 35
eusporangiate species of other or unknown af-
finities. See Appendix 3 for a list of species,
their stratigraphic ranges, and their taxonomic
affinities.

Taxa were coded for 63 unordered binary
and multistate characters (see Appendix 2; a
complete data matrix of character codings for
each species is available from C. K. B.) describ-
ing individual pinnules rather than entire
fronds and concerned primarily with venation
and laminar structure rather than overall pin-
nule shape. Individual leaf species commonly

display considerable laminar variability, even
between the pinnules within a single fossil
frond. This variability was included in the
character codings by the use of ‘‘variable’’ as
a state for many characters (see Appendix 2
for examples). Coding for variability intro-
duces two important, but potentially negative
effects. First, it requires the use of characters
that are inapplicable to large subsets of the
taxa. Second, taxa based on few or incomplete
fossil specimens can be miscoded because
there is less opportunity for actual species var-
iability to be demonstrated in available ex-
amples. Despite these complications, inclu-
sion of variability is preferable to its exclusion,
because variation is such a common aspect of
plant morphology (e.g., Knauss and Gillespie
2001) and because range of variation is poten-
tially informative about development.

A principal coordinate analysis was used to
provide a more comprehensible summary of
the information recorded in the study. The
original matrix of character codings for the
641 taxa was used to create a 641 by 641 matrix
of the pairwise dissimilarities of all species
calculated as the number of character mis-
matches divided by the number of characters
that are not missing or nonapplicable. (Dis-
similarity matrix and related statistics were
calculated using software provided by R. Lu-
pia; further details of methodology described
in Lupia 1999. Mathematica was used for the
principal coordinates analysis and all other
calculations.) This matrix was then trans-
formed to move the centroid of the dissimi-
larity distribution to zero (Gower 1966). Ei-
genvalues and eigenvectors of the trans-
formed dissimilarity matrix were determined,
and the component values of each eigenvector
were used to position each taxon with respect
to a particular principal coordinate axis
(Sneath and Sokal 1973). The magnitude of the
eigenvalue corresponding to each eigenvector
gives an indication of the relative contribution
of that axis to the summary of information
from the original data matrix. The first two
principal coordinate axes were plotted as a
representation of morphospace occupied
through time (Figs. 1, 2). These axes contain
about 51% of the information in the original
distance matrix, as extimated from the sum of
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FIGURE 1. Principal coordinate analysis morphospace of Paleozoic leaf compression fossils, plotted by stratigraphic
interval (A); and showing the placement of taxa within important groups of ferns (B) and seed plants (C).

the two corresponding eigenvalues divided by
the sum of all eigenvalues of the transformed
distance matrix (Foote 1995).

The taxa span the time interval from Middle
Devonian until the end of the Permian. The
Devonian through Early Permian (Autunian)
is divided into intervals averaging approxi-
mately 15 million years and ranging from 8 to
21 million years in duration. The later Permian

is not well represented for two reasons: (1)
there are fewer productive localities within
the geographic area covered, and (2) poor
preservation and coriaceous habit commonly
obscure venation pattern in specimens that are
available (Kerp 2000).

Principal coordinate analyses provide a
convenient method for visualizing large quan-
tities of morphological information by geo-
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FIGURE 2. Location within the morphospace of important form genera and other morphologically distinctive
groups.

FIGURE 3. Average pairwise dissimilarity between spe-
cies for each interval with 95% confidence intervals
based upon 1000 bootstrap resampling runs.

metrically summarizing as much of the vari-
ability between taxa as possible on a few axes
in the form of a morphospace. However, be-
cause such an analysis is entirely dependent
upon the overall composition of the data set,
it can be highly influenced by taxonomic and
morphological decisions. In particular, the gi-
gantopterids bore the most complex and mor-
phologically distinctive leaves of any plants in
the Paleozoic, but there was no possibility of
their leaves having coordinates distinct from
other taxa on axes 1 and 2 because gigantop-
terids represented only about 0.3% of the in-
cluded species and the characters that distin-
guish them were invariant among all other
taxa. Placement of the diverse morphologies
of the Devonian and Carboniferous leaves is,
however, more amenable to morphological in-

terpretation (Figs. 1, 2), and the overall pattern
of diversification seen in the 50% of the infor-
mation summarized in the two-dimensional
morphospace plot represents well the data set
as a whole (Fig. 3).

Three interesting patterns emerge from the
resulting Paleozoic leaf morphospace (Fig. 1).
First, the areas of initial morphospace occu-
pation in the Devonian and Early Carbonif-
erous remain occupied in the later record, but
the taxonomic affinities of the plants exhibit-
ing these leaf morphologies change over time.
Second, ferns, seed plants, progymnosperms,
and sphenopsids all share the same initial lo-
cation in morphospace, diverging only with
subsequent evolution. This suggests that the
independent origins of leaves were based on
modifications of a common underlying devel-
opmental system. Third, diversity and dispar-
ity (total occupied morphospace) initially in-
crease in tandem, but after the Namurian, fur-
ther increases in taxonomic diversity do not
change the range of morphologies occupied,
suggesting that the limits of a biologically
constrained system had been reached. Early
leaf evolution thus appears to be constrained
at both ends of the radiation, first by initial ar-
chitectures and later by the limits of leaf mor-
phological variation.

Developmental Interpretations of
Morphological Patterns

Insights from living organisms have long
been applied to paleontological studies of
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plant function. Examples include biomechan-
ical modeling of extinct species based on char-
acteristics of living tissues (Roth and Mos-
brugger 1996; Niklas 1997a,b; examples in
Bateman et al. 1998) and estimates of past car-
bon dioxide levels based on stomatal indices
derived from present-day plants (McElwain et
al. 1999). In similar ways, paleobotanical stud-
ies of morphological evolution can benefit
from advances in plant developmental biolo-
gy. For example, following earlier suggestions
(Scheckler 1976, 1978; Wight 1987), Stein
(1993) modeled stem vasculature as a function
of auxin diffusion from the stem apex and lat-
eral primordia, successfully reproducing the
observed stelar morphologies of some Devo-
nian plant axes.

An understanding of leaf development in
living plants may similarly inform our under-
standing of early leaf evolution. Comparative
biology suggests that mechanisms of meriste-
matic growth will likely impose constraints on
leaf development and, hence, potential leaf
morphologies. For this reason, fossil leaves
may provide an indirect record of leaf meri-
stematic capability through time. The study of
leaf evolution has traditionally relied upon in-
terpretation of frond architecture and the po-
sitional identity of laminar subunits of the
frond. These traits are important for whole-
plant reconstruction and for systematics, but
they cannot illuminate the developmental ca-
pacity of the foliar meristems of these plants.
The emphasis here is on the meristematic po-
tential present in early leaf-bearing plants, us-
ing comparisons with living plants to con-
strain models of lamina development and evo-
lution. Rather than considering positional ho-
mology and evolution, the focus is upon
meristematic homology and evolution (Stein
1998).

Development can be considered in terms of
two related processes: (1) growth, including
cell division and the differentiation of individ-
ual cells, and (2) the patterning of differenti-
ated cells to form functional tissues (Wolpert
1971; Sachs 1991). The leaves of extant plants
display a number of different growth mecha-
nisms. Anatomical studies of morphologically
diverse ferns indicate leaf growth by meri-
stems located at the margin of the developing

organ (Pray 1960, 1962; Zurakowski and Gif-
ford 1988; White and Turner 1995; Korn 1998).
Marginal meristems consist of a peripheral
row of dividing initials, which are the ulti-
mate source of all cells in the leaf. Additional
submarginal cell divisions are necessary both
for cell differentiation and for building up the
thickness of the developing leaf. The marginal
meristem remains active until general pinnule
morphology and the location of all procam-
bium has been determined (Pray 1962). In con-
trast, angiosperm leaves grow diffusely, with
meristematic activity throughout the devel-
oping leaf. Clonal analysis experiments cor-
roborate anatomical work (Pray 1955) and
SEM studies (Hagemann and Gleissberg 1996)
in demonstrating that the marginal cells of an
angiosperm leaf play almost no role in leaf
growth (Nicotiana tabacum [Poethig and Sus-
sex 1985a,b]) or, at least, play no greater a role
than other parts of the leaf (Gossypium barba-

dense [Dolan and Poethig 1998]).
Marginal and diffuse growth are not nec-

essarily mutually exclusive mechanisms; more
likely, they represent end-members of a large
and complex continuum. Although the few
fern leaves for which development has been
studied in detail possessed marginal meri-
stems, others are likely to possess more varied
and complex mechanisms of growth (such as
those described as having ‘‘dilatory’’ leaf
growth by Wagner [1979]). Furthermore, there
is much variety in what is here summarized as
internal, as opposed to marginal, growth (Fos-
ter 1952; Hagemann and Gleissberg 1996). Al-
though continuing research is needed to ex-
plore the complete developmental diversity of
leaves in living plants, what matters for an ini-
tial assessment of Paleozoic plants is that their
leaves could grow exclusively by means of a
marginal meristem or could include extensive
internal growth.

Although differing mechanisms of leaf
growth exist, vascular patterning is broadly
similar across all tracheophytes. Vascular
plants all have a flux of auxins from distal
meristems in the shoot system toward more
proximal tissues. Auxin transport is accom-
plished by the pumping of auxin into cells
from all sides and the preferential pumping of
auxin out of cells proximally down the stem
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(Gälweiler et al. 1998; Steinmann et al. 1999;
Berleth et al. 2000). Physiological studies have
demonstrated the importance of auxins both
for overall stelar patterning (Ma and Steeves
1992) and for finer scales of differentiation, in-
cluding the establishment of cell polarity and
the continuity of vascular strands (Sachs
1981). Sachs (1981, 1991) has hypothesized
that the differentiation of individual vascular
strands is based upon the distal to proximal
flux of auxin, which determines cell polarity
and induces the development of procambial
characteristics in the files of cells through
which it flows. These procambial characteris-
tics increase the cells’ capacity to transport
auxin, further increasing flux through the cell
file and, in consequence, decreasing fluxes
through adjacent cell files. In this way, the
widths of procambial strands can be limited
without the necessary action of a second, in-
hibitory hormone.

The studies of vascular patterning and the
auxin canalization hypothesis reviewed in the
preceding paragraph are based principally on
stems—molecular and biochemical studies of
leaves are largely limited to investigations of
vascular cell differentiation in Zinnia tissue
cultures. Nonetheless, several considerations
justify the assumption that leaves and stems
follow similar mechanisms of vascular pat-
terning and differentiation: The canalization
hypothesis is the only hypothesis that has
been documented in any part of the plant and
it is consistent with all available information
from leaves. Leaf primordia are known to be
important sources of auxin (Ma and Steeves
1992; Stein 1993), and the disruption of leaf
vascular patterning by auxin transport inhib-
itors (Sieburth 1999; Mattsson et al. 1999) and
by mutations that disrupt auxin transport
(Carland and McHale 1996) has been docu-
mented. (Leaf development is, of course, also
influenced by auxin-independent factors [Car-
land et al. 1999]). The documentation of vas-
cular patterning mechanisms in leaves re-
mains an important research goal, and emerg-
ing techniques (Caruso et al. 1995; Moctezuma
and Feldman 1999) suggest that new insights
are on the horizon.

The growth and patterning mechanisms ex-
hibited by living plants can be used to con-

strain hypotheses about developmental mech-
anisms present during the early evolution of
leaves. The role of auxin fluxes from active
meristems in the patterning of vascular tissue
appears to be conserved throughout tracheo-
phytes. We assume, therefore, that it applies to
Paleozoic leaves. This assumption, in turn,
provides a means of generating hypotheses
about leaf growth in extinct plants. If the
leaves of Paleozoic plants grew exclusively by
marginal meristems, venation should be ori-
ented toward leaf margins with all veins end-
ing marginally, as observed in the living ferns
for which marginal growth has been docu-
mented. If the leaf development included ex-
tensive internal, nonmarginal growth, vena-
tion would not be expected to have uniform
orientation and vein endings should be dis-
persed throughout the lamina.

All Devonian and Carboniferous leaves, re-
gardless of phylogenetic affinity, have exclu-
sively marginal vein endings (Figs. 4, 5). This
suggests that each origin of laminated leaves
relied on marginal meristems. The only Paleo-
zoic leaves with extensive internal vein end-
ings were those of the late Early to Late Perm-
ian gigantopterid seed plants. In their case, in-
ternal tertiary veins are oriented toward one
another and meet in discrete areas between
the marginally ending secondary veins. This
suggests a two-stage process in which mar-
ginal growth was followed by internal growth
at discrete intercalary meristems. There is no
evidence of true diffuse growth until the Me-
sozoic.

The early leaves of each lineage likely grew
by means of marginal meristems, but our un-
derstanding of those meristems can be further
refined. In some living ferns, a direct corre-
spondence has been found between specific
marginal initials and the cell types to which
they give rise (parenchyma, or parenchyma
and vasculature [Pray 1960, 1962; Zurakowski
and Gifford 1988]). Other work with different
ferns has found marginal meristems of uni-
form composition; in these plants, vascular
patterning responds to marginal signals, but
without reference to specific marginal initial
cells (Korn 1998). Tissue patterning based on
discrete ground meristem and procambial
marginal initials would be expected to result
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FIGURE 4. Abundances of venation types among Paleozoic leaves of known phylogenetic affinity (leaf venation
images modified from Boureau and Doubinger 1975, except top image from Beck and Labandeira 1998).

in leaves with divergent venation, because the
marginal initials corresponding to any two
adjacent veins can only maintain their dis-
tance or grow farther apart as growth contin-
ues. Extra submarginal growth can distort the
vein paths into convergence (Pray 1960), but
in any event, a meristem of distinct initial
types could never account for reticulately
veined leaves.

Because marginal-meristem types place
constraints on resulting leaf morphologies, we
can draw inferences about meristem types
from fossils with preserved venation. If the
marginal meristems of Paleozoic leaves had
distinct vasculature and parenchyma initials,
divergent venation should dominate the early
record. If the marginal meristems were ho-
mogenous, vein convergence and reticulation
would be expected to be relatively common.

As shown in Figure 4, divergent venation
was the first pattern to appear in each lamina-
evolving clade. Progymnosperms show only
divergent venation. Among seed plants and

ferns, convergent venation first occurred in
the Visean, and it did not occur among Sphe-
nopsids until the Stephanian. Reticulate ve-
nation appeared in the Westphalian, but only
in seed plants and leaves commonly pre-
sumed to have been borne by seed plants.
(Ferns evolved reticulate venation during the
Mesozoic Era.) The predominance of diver-
gent venation in early leaves across all phy-
logenetic groups suggests that each group
convergently evolved a marginal meristem
with discrete initial types and only later di-
verged into other development types, includ-
ing modified forms of marginal meristems
with discrete initial types and homogenous
marginal meristems.

Leaf evolution in each clade followed the
same sequence of morphologies. Paleozoic
seed plants first evolved dichotomizing, finely
lobed leaves with a single vein per laminar
segment, and only later evolved laminar mul-
tiveined leaves with divergent venation, fol-
lowed by convergent venation, followed by re-
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FIGURE 5. Abundances of venation types among all Paleozoic leaf species included in the analysis. Coding of ve-
nation types as in Figure 4.

ticulation. The other clades followed the same
sequence to a varying extent. It is proposed
that this repeated pattern reflects the limited
number of ways that plants can form laminate
photosynthetic surfaces. The range of mor-
phological possibilities is further constrained
by the common ancestry of the groups in
question: evolution works by the modification
of preexisting structures and developmental
pathways, and the available underlying path-
way common to the four clades and ultimately
derived from a shared ancestor was stem de-
velopment. Stems are indeterminate, cylindri-
cal structures that grow from a discrete apical
meristem, providing the source of an auxin
gradient involved in vascular patterning. We
hypothesize that stepwise modification of the
growth and patterning employed in this an-
cestral, axial system produced marginal mer-

istems and laminate leaves in each lineage (Ta-
ble 1).

Just as the early steps of marginal meristem
evolution were constrained by the scope of de-
velopmental possibility, the ultimate range of
possible leaf morphologies must have been
constrained by available developmental mech-
anisms. Early leaves consisting of linear, di-
chotomizing segments had limited potential
for morphological variability: they could be
three-dimensional or planar; dichotomies
could be equally distributed, concentrated
distally, or concentrated proximally; and the
relative strengths of the two arms of a dichot-
omy could be altered (Fig. 6). Each of these
modifications had been explored by the Late
Devonian.

The possibilities of marginal growth are
also limited. Simple marginal growth with
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TABLE 1. Hypothesized sequence of developmental evolution and time of first occurrence of each innovation by
lineage.

point initiation will result in a fan-shaped leaf
with vein endings along the distal margin, the
only margin along which a marginal meri-
stem would have been active. This system can
be modified by symmetric or asymmetric al-
teration of the rate of growth parallel and/or
perpendicular to the marginal meristem or by
variation in the duration of growing time
along the meristem (Fig. 7). Other possible
modifications include the development of a
midvein, and broad rather than point initia-
tion of lamina growth. A rigorous documen-
tation of possible leaf forms in terms of a the-
oretical morphospace (McGhee 1999) based
on developmental mechanisms is needed, but
it is fair to state that, even though the various
possible combinations of these modifications
continued to be shuffled within individual
lineages, all specified variables had been ex-
plored by the Namurian. The lack of further
increase in overall morphological disparity af-
ter the Namurian, despite further increase in
taxonomic diversity, likely reflects limitations
on possible elaborations of marginal growth.

Discussion

The stratigraphic distributions of individu-

al characters may provide crude tools for in-

vestigating the evolution of leaf development,

but the results are compelling. Internal vein

endings are not present for the first 100 mil-

lion years of leaf evolution; convergent vena-

tion is absent for the first 50 million years. The

morphological constraints apparent in early

leaves strongly suggest specific mechanisms

of development. Although multiveined leaves

evolved independently at least four times, the

close similarities of early leaves in all groups

suggest parallel evolution by modification of

common developmental mechanisms inherit-

ed from ancestors whose photosynthetic or-

gans consisted of apically growing, bifurcat-

ing axial systems.

The evolution of laminated leaves may be

related to the evolution of vascular systems

competent to support high levels of evapo-

transpiration and other aspects of whole-plant

function in increasingly stratified later Devo-
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FIGURE 6. Axially organized leaves with dichotomies.
A, Evenly distributed. B, Proximally concentrated. C,
Distally concentrated and with unequal strength be-
tween the two arms of the dichotomies. (Leaf images
modified from Remy and Remy 1977 [A, C] and Baten-
burg 1977 [B].)

nian and Early Carboniferous communities. It
has also been proposed that appearance of
laminate leaves was causally linked to a drop
in atmospheric CO2 concentration through the

Devonian (Beerling et al. 2001). Changing en-
vironmental conditions may well have re-
moved a physiological barrier to the evolution
of leaf lamination. Nonetheless, the staggered
timing of lamina evolution among clades—in
the Devonian, multiveined, laminate leaves
occurred primarily in the Archaeopterid pro-
gymnosperms—suggests that both intrinsic
and extrinsic factors are necessary to explain
the observed patterns of leaf evolution.

After an initial period of parallel evolution,
leaf morphologies within and among the
groups diverged; however, by Namurian
times the limitations of marginal meristematic
development had been reached and further in-
creases in taxonomic diversity did not in-
crease morphological disparity. Innovations
in frond architecture, leaf anatomy, and bio-
chemistry continued to evolve, but the possi-
bilities of marginal pinnule growth had been
explored.

The use of vascular patterning as a proxy
for developmental mechanism can illuminate
other patterns of developmental evolution and
convergence, including the evolution of dif-
fuse leaf growth in post-Paleozoic time. An-
giosperms radiated initially in the Cretaceous
Period. One of the hallmarks of angiosperm
morphology, at least among dicots, is highly
reticulate leaf venation with multiple vein or-
ders and freely ending internal veinlets in the
vascular aureoles (Esau 1953; Gifford and Fos-
ter 1989). On the basis of available experimen-
tal evidence (Foster 1952; Pray 1955; Poethig
and Sussex 1985a,b; Hagemann and Gleiss-
berg 1996; Dolan and Poethig 1998), this pat-
tern is interpreted as an indication of diffuse
leaf growth. Venation patterns suggestive of
diffuse leaf growth, however, are not limited
to the angiosperms. Species in two other
groups that radiated in the Cretaceous and
early Tertiary, the Gnetales and the fern clade
that includes the polypods and dryopterids,
also possess leaves of this type. As in the Pa-
leozoic, Mesozoic innovations in leaf devel-
opment were convergent. The simultaneously
radiating angiosperms, gnetaleans, and poly-
pods were the only groups to evolve this type
of leaf, aside from a small leptosporangiate
fern clade that includes Dipteris (fossil record
dating to the Late Triassic [Collinson 1996]),
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FIGURE 7. Possible modifications of marginal growth and hypothesized morphological consequences. Simple mar-
ginal growth from a point-initiation site will result in a fan-shaped leaf with all veins running to the distal margin
along which all growth occurred. Variables include the following: rate of growth parallel to the margin (A), rate of
growth perpendicular to the margin (B), and the duration of marginal growth (C). Each class of modification may
be symmetric favoring the median areas of the meristem (D), symmetric favoring the peripheral areas of the mer-
istem (E), or asymmetric (F). Modifications can also exist in varying degrees of strength and combination (leaf
images modified from Abbott 1958 [A–F], Andrews 1961 [F], Boureau and Doubinger 1975 [B, C], Arnott 1959 [E],
and Cleal and Thomas 1994 [A, D]).

the eusporangiate ferns Ophioglossum (order
Ophioglossales represented in record only by
Cenozoic specimens of another genus [Roth-
well and Stockey 1989]) and Christensenia (or-
der Marattiales has an extensive Paleozoic and
later fossil record, but there are no known fos-
sils of this genus), and a few Mesozoic speci-
mens of unknown affinities (examples in Triv-
ett and Pigg 1996).

Diffuse leaf growth may well provide struc-

tural or physiological advantages to vascular

plants. For example, the pattern of highly re-

ticulate venations, many vein orders, and in-

ternally ending veinlets that we associate with

diffuse growth should provide redundancy of

water transport and increased structural sup-

port for the typically larger laminae of angio-

sperms (Givnish 1979; Roth-Nebelsick et al.

2001). The capacity for developmental flexi-

bility that this growth requires may also be

advantageous. In addition to any particular

functional value, convergent leaf form in these

three groups might reflect initial radiations in

similar environments. The center of diversity

for polypod ferns is in the Tropics. Most basal

angiosperm lineages (Feild et al. 2000) and

Gnetum are also tropical understory plants.

The convergent evolution of leaf development

in these groups could reflect radiation in trop-

ical understory environments with low light
levels and high humidity.

The developmental hypotheses advanced in
this paper are testable. Although living Sphen-

ophyllum will never be available for direct scru-
tiny, the logic of using adult morphology as a
proxy for developmental processes can be
tested because the same arguments can be
used to make developmental predictions
about other laminar organs available for study
in living plants. These include not only the
leaves of unstudied ferns, angiosperms, cy-
cads, Ginkgo, araucaurian conifers, and Gne-
tales, but also additional organs such as lam-
inate floral parts and winged seeds. Venation
patterns in these organs can differ substan-
tially from those of leaves borne on the same
plant. We predict that differing venation pat-
terns will be found to reflect developmental
mechanisms similar to those documented for
leaves.
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Appendix 2

Characters used for descriptions of leaf morphology. Inap-

plicable or missing characters were coded as ‘‘?’’.

1. Lamina: 0, three-dimensional; 1, planar.

2. Lamina: 0, lobed; 1, not lobed; 2, variable.

3. Entire lamina: 0, simple; 1, sinuous margin; 2, variable.

4. Margin: 0, smooth; 1, margin responds to each vein ending;

2, variable.

5. Location of maximum width: 0, proximal; 1, central; 2, dis-

tal; 3, variable.

6. Maximum width: 0, singular; 1, maintained; 2, variable (for

characters 5 and 6, linear or lobed 5? ).

7. Attachment: 0, narrow; 1, broad; 2, variable.

8. Narrow attachment type: 0, not stalked; 1, stalked; 2, vari-

able.

9. Insertion: 0, perpendicular to somewhat angled (.608); 1,

severely angled (,608); 2, variable; 3, skew (Sphenophyllum; Cor-

daites).

10. Attachment proximal: 0, straight; 1, constricted; 2, decur-

rent; 3, variable.

11. Attachment distal: 0, straight; 1, constricted; 2, decurrent;

3, variable.

12. Shape of pinnule body: 0, symmetric; 1, not symmetric; 2,

variable.

13. Not-symmetric pinnules are: 0, falcate or otherwise reg-

ular but asymmetric; 1, irregular; 2, variable.

14. Lamina (or lobe) tip: 0, regular; 1, irregular edge; 2, var-

iable (linear, lobed leaves are 1).

15. Regular lamina tip: 0, acute; 1, rounded; 2, variably round-

ed or acute; 3, wedge.

16. Wedge leaf distal margin: 0, curved; 1, straight; 2, acute;

3, irregular; 4, variable.

17. Maximum number of veins in laminar segment: 0, one; 1,

more than one; 2, variable.

18. Branching of veins within lamina: 0, absent; 1, present; 2,

variable.

19. Number of distinct vein orders besides any midvein pre-

sent: number.

20. Relations of vein orders: 0, strictly hierarchical; 1, not ; 2,

variable (5? if no midvein).

21. Minimum number of branchings from base or midvein to

margin: number (from midvein 5 1).

22. Maximum number of branchings from base or midvein to

margin: number.

23. Branching of laterals: 0, just dichotomous; 1, also subdi-

chotomous; 2, also pinnate.

24. Location of vein branching along proximal-distal axis: 0,

only dispersed; 1, restricted at vein level; 2, restricted at whole

lamina level; 3, restriction at both vein and whole lamina level

(restrictions in linear leaves are considered at whole lamina lev-

el 5 2).

25. Vein level restriction of branching favors: 0, distal; 1, cen-

ter; 2, proximal; 3, variable.

26. Lamina level restriction of branching favors: 0, distal; 1,

center; 2, proximal; 3, variable.

27. Location of vein branching from origin to edge: 0, only

dispersed; 1, restricted; 2, variable.

28. Location of vein branching from origin to edge favors: 0,

origin; 1, edge; 2, variable.

29. Vein paths: 0, only divergent; 1, convergence present; 2,

variable.

30. Vein convergence: 0, only passive; 1, strict; 2, variable.

31. Location of convergence: 0, dispersed; 1, restricted; 2, var-

iable.

32. Location of convergence restricted to: 0, vein origin; 1,

lamina edge; 2, variable.

33. Vein reticulations: 0, no; 1, irregular; 2, regular.

34. Minimum number of reticulations from base or midvein

to margin: number.

35. Maximum number of reticulations from base or midvein

to margin: number.

36. Location of reticulations: 0, dispersed; 1, restricted to or-

igin; 2, restricted to edge.

37. Vein orders with reticulation: 0, only most distal; 1, more

than most distal.

38. Enclosed space: 0, elongate perpendicular to margin; 1,

elongate parallel to margin; 2, isodiametric; 3, irregular; 4 var-

iable.

39. Lamina innervated from rachis: 0, once; 1, more than once;

2, variable.

40. Multiple lamina innervations: 0, all equivalent; 1, unequal

strength; 2, variable.

41. Lamina innervations from base: 0, evenly spaced; 1, un-

evenly; 2, variable (centered single vein 5 0).

42. Lamina innervations from midvein: 0, evenly spaced; 1,

unevenly; 2, variable.
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43. Innervation of lamina from base: 0, straight; 1, angled; 2,

branches immediately; 3, irregular (with respect to main axis of

lamina, a vein following the angled insertion of the lamina

would be scored as straight).

44. Innervation of lamina from midvein: 0, straight; 1, angled;

2, branches immediately; 3, irregular.

45. Midvein: 0, no; 1, yes; 2, variable.

46. Midvein: 0, weak, not straight; 1, strong; 2, variable.

47. Midvein: 0, included in lamina; 1, distinct from lamina; 2,

variable.

48. Midvein length: 0, as long as lamina; 1, closer to distal

than other margins; 2, reaches all margins equally; 3, farther

from distal; 4 variable.

49. Midvein of uniform thickness: 0, no; 1, yes; 2, variable.

50. Angle of midvein (or other innervation) insertion: 0, same

as pinnule; 1, different; 2, variable.

51. ‘‘midvein’’ branches: 0, to both sides; 1, just 1, side; 2, var-

iable.

52. Path of laterals to margin: 0, parallel; 1, not parallel; 2,

variable (if linear 5?).

53. Lateral vein paths: 0, straight; 1, curved; 2, variable but

regular; 3, irregular paths.

54. Concavity of vein curvature: 0, concave up (distal); 1, con-

cave down (proximal); 2, variable.

55. Location of vein endings: 0, all veins equally reach margin

(or marginal vein); 1, some internal endings; 2, only internal

endings; 3, no free endings.

56. Direction of vein paths: 0, only toward a margin; 1, inter-

nally directly veins (perpendicular to or independent of mar-

gin).

57. Marginal vein: 0, absent; 1, present.

58. Vein endings: 0, just on distal edge; 1, all margins but ex-

panded base; 2, all margins;3, variable.

59. Vein density: 0, uniform; 1, increases; or 2, decreases to-

ward margin; 3, irregular.

60. Veins within a lamina lobe: 0, always include all of the con-

nected veins distal to the last shared dichotomy (i.e., always

forming a monophyletic group of veins); 1, not always the case

(i.e., also paraphyletic vein groupings within lobes).

61. Lobing: 0, about each vein; 1, vein groups; 2, both types

present.

62. Angle of marginal intersection of veins: 0, ;908; 1, angled;

2, variable but consistent; 3, irregular.

63. Vein endings where present: 0, evenly spaced; 1, uneven

but predictable; 2, irregular; 3, variable type (if linear or lobed

about each vein, then 62 and 63 5? ).
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Appendix 3
Phylogenetic affinity, primary literature reference, and stratigraphic range for all taxa included in the analysis.
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Appendix 3. Continued.
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Appendix 3. Continued.
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Appendix 3. Continued.
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Appendix 3. Continued.



93EVOLUTION OF LEAF DEVELOPMENT IN THE PALEOZOIC

Appendix 3. Continued.



94 C. KEVIN BOYCE AND ANDREW H. KNOLL

Appendix 3. Continued.
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