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Changes in lobule morphology in Radula subgenus Cladoradula show liverworts have the capacity for dramatic,
relatively rapid morphological change by heterochrony. In individuals of R. bipinnata, R. boryana and R. tenax,
lobules on secondary and tertiary shoots are progenetic with respect to lobules on primary shoots, in that the slope
of the relationship between growth duration and shape does not change. However, in R. campanigera, lobules on
secondary and tertiary branches exhibit different slopes from primary branches, but have the same growth
duration, a pattern consistent with neoteny. The trajectory of allometric growth is extended or truncated in
different species compared with outgroup and ancestral nodes. Changes in duration of lobule growth explain 85%
of variation in lobule shape between species. Species are related by relatively shallow nodes in the crown of the
Radula subgenus Cladoradula clade, suggesting that divergence and associated heterochronic changes have
occurred relatively recently. The rapid morphological diversification in the crown contrasts with the relative stasis
between the ancestral node and R. brunnea, the outgroup used in this analysis. A robust primary axis may be
required to hold shoots away from vertical surfaces to maximize light interception, and hypermorphosis in lobule
ontogeny could be a by-product of the longer growth durations required to build axes sufficiently large to perform
this structural role. Alternatively, the large auriculate lobules could function in external water transport systems
by providing continuity of surfaces for solute transport via capillary action. © 2013 The Linnean Society of
London, Botanical Journal of the Linnean Society, 2013, 173, 153–175.
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INTRODUCTION

Heterochrony, defined as ‘a change in timing or rate of
developmental events relative to the same events in
the ancestor’ (McKinney & McNamara, 1991), is the
most general explanation for evolutionary changes in
morphology (Gould, 1977; Raff & Kaufman, 1983;
Lord & Hill, 1987; McKinney & McNamara, 1991;
McLellan, 1993; Pryer & Hearn, 2009) and may go to

the deepest nodes of land plant evolution. Extant land
plants exhibit an extraordinary diversity of forms
in gametophytic and sporophytic generations, both
during growth and development and at maturity
(Ligrone, Duckett & Renzaglia, 2012).

Plants belonging to the ‘bryophyte’ grade (Mishler
et al., 1994; Lewis, Mishler & Vilgalys, 1997; Qiu
et al., 1998, 2006) are usually conceptualized as small,
with uncomplicated structural organization. Perhaps
because of their ‘failure’ to transition to a sporophyte-
dominated life phase, they have been described
as ‘evolutionary dead ends’, evolution of which is
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characterized by ‘fundamental mistakes’ (Schuster,
1984). Although this view is now passé, documented
evolutionary innovations resulting from changes in
timing or rate of growth in liverworts all involve
reductions of morphology to increasingly simplified
ends, as in the highly derived species Cololejeunea
metzgeriopsis (K.I.Goebel) Gradst., R.Wilson, Ilk.-
Borg. & Heinrichs, Myriocolea Spruce (Gradstein,
Reiner-Drehwald & Schneider, 2003; Gradstein et al.,
2006; Gradstein & Wilson, 2008), Radula aguirrei
R.M.Schust. and R. yanoella R.M.Schust. (Schuster,
1991).

Liverworts exhibit life cycle characteristics interme-
diate between putative green algal ancestors and
other land plants (McManus & Qiu, 2008), including
matrotrophy of the developing diploid embryo, which,
by mitotic division, produces a multicellular sporo-
phyte. Differences in the timing of meiosis and other
aspects of sporophyte growth account for some of
the morphological differences between liverworts,
mosses and hornworts (Mishler & Churchill, 1985;
Graham, 1993; Renzaglia et al., 2000). It is possible
that a constellation of changes, such as hypermorpho-
sis and/or growth-rate acceleration in sporophytes,
in combination with neoteny and paedomorphosis
in gametophytes, characterize the transition to
sporophyte-dominated life phases early in the evolu-
tion of some lineages of land plants.

Evolution proceeds through gene mutation and
changes in allelic frequencies and, importantly, also
through temporal shifts in gene action and expression
(Gould, 1977). Variables including timing of growth
onset and cessation and growth rate itself regulate
the ontogenetic trajectory from juvenile morphologies
to final adult form (Alberch et al., 1979; McNamara,
1982). Changes in time of initiation, cessation and
rate of growth interact in the development of novel
structures through modification of ontogeny, i.e. het-
erochronic changes, and are a major source of mor-
phological innovation in plants (Guerrant, 1982; Li &
Johnston, 2000; Bateman, Rudall & James, 2006; Box
et al., 2008). For example, neoteny in Cololejeunea
(Spruce) Schiffn., in particular C. metzgeriopsis, is
thought to be an adaptation to life in short-lived
habitats provided by the surfaces of living leaves
(Gradstein et al., 2006). Accelerated development and
early maturation also characterize species of Marsile-
aceae that inhabit fluctuating and ephemeral aquatic
habitats (Pryer & Hearn, 2009).

Like virtually all members of the clade designated
‘Leafy 1’ by Davis (2004), Radula (L.) Dumort. has
conduplicately lobed leaves with one (or both) of the
postical lobe(s) folded under the antical, forming a
sac-like structure (Davis, 2004; Forrest et al., 2006).
In Radula, this sac encloses the ventral face of the
incubously inserted leaf, a form usually referred to as

a lobule (Schuster, 1966, 1984; Heinrichs et al., 2005).
Lobules are a character system expressing consider-
able diversity, the adaptive value of which is
unknown. However, water storage and nutrient acqui-
sition through symbiosis with rotifers or other small
organisms have both been postulated (Schuster,
1966). Water storage seems unlikely as water is
rapidly lost from lobules attributable to phenomena
associated with surface tension as the plant dries
(Blomquist, 1929). Lobules may also serve as compo-
nents of an external water transport system via cap-
illary action between external surfaces, or possibly
even nutrient acquisition through passive traps, or
providing homes and being first by proximity to capi-
talize on decomposition of animals and animal waste
of those that live in bryophyte mats. One genus with
conduplicately bilobed leaves (Colura (Dumort.)
Dumort.) has complicated trapdoor-like structures at
the opening, suggesting an active trapping role
(Barthlott et al., 2000).

Radula subgenus Cladoradula Spruce is a small
lineage of 13 distinctive species (M. J. von Konrat, L.
Soderström, A. Hagborg, unpubl. data) having a
circum-equatorial distribution, with species extending
northwards into China, Japan and North America.
Species of Radula subgenus Cladoradula are rela-
tively large and have regularly pinnate or bipinnately
branched shoot systems (Fig. 1). As circumscribed by
Spruce (1884), Jones (1977) and Yamada (1979), but
not Castle (1937), the subgenus is a monophyletic
lineage sister to the remainder of Radula (Devos
et al., 2011a, b). Radula subgenus Cladoradula exhib-
its diversity in lobule shape both in individuals and
between species. In individuals, lobule shape appears
correlated to branch order and, as a result, disparate
morphologies may be exhibited by different branches
in a single shoot system (Fig. 1). In extreme
instances, ‘microphyllous’ branches may occur in the
same shoot systems as ‘normal’ shoot systems with
strong auriculate lobules.

In this paper, we use geometric morphometric
methods to quantify lobule shape and investigate its
dependence on size, its allometry (Gould, 1966;
Klingenberg, 1998). Evolution of lobule morphology
cannot be understood without knowledge of develop-
ment (Jones, 1993), and we investigate lobule ontog-
eny to aid our interpretation of ancestral shape states
reconstructed onto phylogeny. Our purpose is to
examine and compare lobule ontogenies and query
how these ontogenies have changed. We demonstrate
that, despite being a relatively old and outwardly
stenotypic lineage, the lobules of Radula subgenus
Cladoradula exhibit the capacity for dramatic and
relatively rapid morphological change via hetero-
chrony. Heterochronic changes explain a substantial
portion of variation in lobule morphology in this clade.
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MATERIAL AND METHODS
STUDY MATERIAL

With one exception, all voucher specimens of subge-
nus Cladoradula and subgenus Dactyloradula
Devos, M.A.M.Renner, Gradst., A.J.Shaw & Vanderp.
included in the phylogenetic analysis of Devos et al.
(2011a) were studied. For examination of allometry,
four voucher specimens were investigated [Radula
bipinnata Mitt. (NY 00877325), Radula boryana
(F.Weber) Nees (E 00115207), Radula campanigera
Mont. (Hiro225 GOET) and Radula tenax Lindb.
(DUKE 0028925)] because: (1) they encompass the
diversity of lobule morphology exhibited by subgenus
Cladoradula; (2) they exhibit regular bipinnate
branching; and (3) vouchers could withstand exami-
nation. For examination of ontogeny and phylogeny,
the four species cited above, plus R. brunnea Steph.
(H 3196644), R. gottscheana Taylor (Ingram1765
GOET) and R. perrottetii Gottsche ex Steph. (NY

00840810), were studied. We did not include the
voucher of R. paganii Castle, as we have not yet been
able to substantiate the placement of this morpho-
logically distinctive accession in the phylogeny. This
exclusion means that our appraisal of morphological
change in subgenus Cladoradula may be more con-
servative than reality.

ALLOMETRY

A nested approach was taken to sampling lobules. For
each voucher 45 lobules were selected, comprising five
each from three first-, three second- and three third-
order shoots, making a total of 180 lobules in this
component of our study. In each shoot the first five
mature lobules back from the shoot apex with undam-
aged margins, preferably not subtended by a branch,
were sampled. Lobules were slide mounted in water
with ventral surface uppermost for digitization.
Lobules, of which the natural conformation precluded
meaningful comparison of shape without compression
to achieve a flat conformation, were dissected with
their subtending stem sector and slide mounted to
achieve as much flattening as possible without
tearing. For digitization, a stack comprising four
images was compiled showing the lobule apex, lobule–
lobe junction, antical end of the stem insertion and
ampliate portion of lobule margin in focus. These four
focal depths ensured the lobule margin was in focus
more or less in its entirety. Digital lobule images were
captured with a digital camera and microscope (Leica
IM300 with IM1000 software, Photomakroscope
M 400). Stem diameter for each lobule was measured
at the postical extremity of the stem insertion using
ImageJ (Abramoff, Magalhaes & Ram, 2004).

Figure 1. Shoot systems for four species of Radula subgenus Cladoradula studied in detail in this study, showing regular
bipinnate branching. A, Radula bipinnata (NY 00877325). B, Radula boryana (E 00115207). C, Radula campanigera
(Hiro225 GOET). D, Radula tenax (DUKE 0028925).
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LANDMARKS

The problem of separating the size and shape compo-
nents of form has been resolved by the advent of
geometric morphometric methods that can quantify
geometry in multivariate form (Rohlf, Loy & Corti,
1996; Viscosi & Cardini, 2011). Analysing shape as an
integrated whole avoids problems of non-independence
often encountered in studies employing traditional
morphometric methods to quantifying form (Jensen
et al., 1993; Jensen, Ciofani & Miramontes, 2002;
Lexer et al., 2009; Viscosi et al., 2009). Combining
quantification of shape with multivariate analyses
renders geometric morphometrics a powerful tool for
analysing variation and differences in shape (Adams,
Slice & Rohlf, 2004), and investigations of shape
allometry have now been completed using geometric
morphometric approaches (Cardini & Elton, 2008;
Pryer & Hearn, 2009; Viscosi & Cardini, 2011). An
excellent botanical primer on geometric morphomet-
rics, including a worked example with explanations of
terminology, is presented by Viscosi & Cardini (2011).

Geometric morphometrics can be broadly divided
into methods based on landmarks and those based on
outlines. The shape of outlines can be represented by
Fourier series (Dryden & Mardia, 1998), including
elliptical Fourier analysis (Rohlf, 1986), or by open-
curve eigenshape analysis (MacLeod, 1999) among
other methods. Landmark methods rest on the iden-
tification of comparable points across objects and
three kinds of landmarks are accommodated in geo-
metric morphometric analyses: (1) anatomical land-
marks correspond to homologous points compatible
with criteria of homology (Patterson, 1982); (2) math-
ematical landmarks are points located according to
some mathematical or geometrical property of the
object (Dryden & Mardia, 1998); and (3) semi-
landmarks are points located on outlines or between
other landmarks and can be allowed to ‘slide’ around
curves or along lines to improve their mathematical
correspondence according to an optimization criterion
(Bookstein, 1997; MacLeod, 2002).

Lobules are inherently curved structures, and defi-
nition of curves has been historically difficult, as an
examination of the variety of shapes routinely
described in botanical literature as ‘ovate’ will illus-
trate. A range of methods has been developed to
quantify shapes using curves when few or no homolo-
gous points exist, including open-curve eigenshape
analysis (MacLeod, 1999) and elliptical Fourier analy-
sis (McLellan & Endler, 1998). A good example
employing elliptical Fourier analysis to quantify
curved shapes was presented by Pryer & Hearn
(2009) in a study of leaf ontogeny in Marsileales.
Unlike fern leaves, in which shape exhibits variation
through development such that homologous points on

outlines are difficult to identify, the outlines of
Radula lobules always have four corresponding points
where different anatomical structures join. These four
points divide the lobule outline into four regions,
which we regard as anatomically homologous in their
entirety. On each outline we placed semi-landmarks
constrained to lie in order on an outline; these are
fixed in order but not position. Comparison is
achieved because points along curves are topologically
correspondent by geometry and order, but topological
correspondence does not imply homological corre-
spondence. This may appear problematic for geomet-
ric approaches based on homologous correspondence
between landmarks. However, using topological cor-
respondence between landmarks ‘is justified when it
is the only level of correspondence assessment avail-
able upon which to base morphological comparisons’
(MacLeod, 2002). We adopted an approach combining
landmarks and semi-landmarks because, although
there is no necessary implication of biological
homology between semi-landmarks (MacLeod, 2002),
a combination of landmarks and semi-landmarks can
capture points of biological homology and the associ-
ated subdivision of outline into homologous portions
that reflect the homology of different sections of the
lobule outline. Elliptical Fourier analysis would
describe lobule outlines effectively, but would not
reflect homology relations between different parts of
the outline explicitly.

Landmarks were digitized in tpsDig2 ver. 2.16
(Rohlf, 2010a, b). Landmarks were: (1) antical end of
stem insertion; (2) lobule papilla attachment; (3)
lobe–lobule junction; (4) postical end of stem inser-
tion; (5–14) antical lobule margin (semi-landmarks
between 1 and 2); (15–24) exterior lobule margin
(semi-landmarks between 2 and 3); (25–34) lobule
keel; with 25 fixed at keel apex opposite landmark 3;
(26–34) between landmarks 25 and 4; and (35–38)
stem insertion line (semi-landmarks between land-
marks 1 and 4) (Fig. 2). Measurement error was
assessed qualitatively by re-digitizing primary shoot
lobules for R. bipinnata and R. boryana, as the
repand margin, particularly on the auriculate portion
of the outline, presented the greatest challenge to
digitization in the whole study. Orthogonal general-
ized Procrustes superimposition analysis (GPA) was
performed on each set of landmarks to remove vari-
ation attributable to position, rotation, translation
and scale. A full description of these methods is given
by Dryden & Mardia (1998). Whether the amount of
shape variation was small enough to permit valid
statistical analysis of the linear tangent space
approximation to the non-linear Kendall’s shape
space was tested using tpsSmall (Rohlf, 2003a). Cal-
culation of tangent configuration and partial warp
scores, extraction of centroid size and principal com-
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ponent analysis (PCA) of partial warp scores were
completed using MorphoJ (Klingenberg, 2011), in
which the average lobule shape of the data set formed
the tangent point for analysis. Principal components
analysis provides an effective means of extracting the
main modes of variation in shape (Dryden & Mardia,
1998). Relative warps are principal components ori-
entated in the multidimensional shape space defined
by partial warps; for details on the calculation and
use of relative warps in description of shape variation
and interpretation of shape changes see Rohlf et al.
(1996), Dryden & Mardia (1998) and Viscosi &
Cardini (2011). We refer to relative warps as principal
components, as this terminology is more familiar.
Visualizations of shapes expressed as deformations
using the thin-plate spline can be reconstructed at
any point along these principal component axes, as a
visual aide to description of parameters of variation
(Bookstein, 1989).

We asked the following questions about the static
relationship between lobule size and shape, branch-
ing pattern and shoot size of these four species
(R. bipinnata, R. boryana, R. campanigera and R.
tenax): (1) Are lobule size and stem size dependent?
(2) Are lobule shape and lobule size dependent?
(3) How do individuals express these relationships
(between primary, secondary and tertiary shoots)?
(4) Do all species express the same relationship?

A simple way of investigating the relationship
between size and shape for lobules is to compare box

plots showing centroid size and first principal compo-
nent score for lobules for each species. Variation in
shape at maturity effectively describes how variable
lobule ontogeny is. To detect any effect of size from
comparisons between species, the regression slopes for
each species were compared using a multiple analysis
of covariance (MANCOVA) design with species as
groups and size as the covariate with a species × size
interaction term. This test compared the variance
explained by two models, one in which species regres-
sion slopes were forced to be parallel, the other in
which species regression slopes were unconstrained. A
lack of significant difference between the fit of the two
models, assessed by comparing the residual sums of
squares matrices of each, indicates that the allometric
pattern is the same across species. The multiple mul-
tivariate regression of partial warp scores onto lobule
centroid size required for the MANCOVA was com-
pleted using tpsRegr (Rohlf, 2011). Centroid size
(Bookstein, 1991), the square root of the sum of
squared distances from each landmark to the centroid
of each sample configuration (Rohlf et al., 1996), was
used as a measure of geometric size, because it is the
scaling (size) component of uniform variation removed
from form during a Procrustes superposition. Centroid
size is convenient because in a single value the size of
lobules is summarized in a concise, meaningful and
directly comparable way. If separate slopes are not
required, it is then possible to establish what propor-
tion of shape variation allometry explains and to

Figure 2. One of the sets of landmarks used in this study, on a lobule of Radula brunnea.
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compare shapes between species with the size effect
removed. If differences in shape result from variation
in size alone, there should be no significant differences
between species when allometry is controlled. The
regression approach and permutations in MorphoJ can
be used to examine the effects of allometry on compari-
sons between species. See Viscosi & Cardini (2011) for
an explanation and worked example employing the
MANCOVA approach to relationship between size and
shape using geometric morphometric methods, and
Rohlf (2011) for details of analysis.

ONTOGENY

Because there are close connections between hetero-
chrony and changes in allometric growth trajectory
(Klingenberg, 1998), allometry is one means through
which we understand heterochrony (Blackstone,
1987a, b; McKinney, 1988; Klingenberg & Spence,
1994; Fiorello & German, 1997). Establishing what
kind of heterochrony has occurred in a group of organ-
isms has three parts: (1) estimate allometric relation-
ships; (2) time calibrate those relationships by
reference to ontogeny; and (3) establish polarity of
changes in timing by reference to phylogeny.

The time component distinguishes heterochrony
from purely morphological concepts such as allometry
(Alberch, 1985; Blackstone, 1987a; Klingenberg,
1998). Studies of heterochrony have tended to
compare animals with a sequestered germ line in
which sexual maturity is a clearly defined calibration
point of comparison between individuals. Calibrating
ontogeny in organisms with serially homologous
structures such as plants is more challenging, but one
approach employed by Jones (1993) and Pryer &
Hearn (2009) is to compare the sequence of ontoge-
netic stages along a stem. This approach uses an
intrinsic measure of time in terms of discrete devel-
opmental events (Klingenberg, 1998), specifically the
sequence of leaves produced above the cotyledons, and
fulfils the criteria for studies of heterochrony posited
by Reilly, Wiley & Meinhardt (1997). In herbarium
material of bryophytes it is difficult to study growth
and development of leaves at specific positions for-
wards along a stem, as the stem origin is usually
unavailable as a referent for comparison. However,
the shoot apex is available, and the sequence of leaves
back from the shoot apex may be used to calibrate
mature ontogenies in different shoots (Klingenberg,
1998). This intrinsic measure of time is also based on
the number of discrete developmental events, i.e. the
number of merophyte cleavage events at the apical
cell. Effectively, this is equivalent to measures based
on node number made in vascular plants, which
allows the duration of ontogeny to be measured
against another developmental process, in this case

meristematic growth. If we assume that rates of both
processes are relatively constant, then comparison
within and between individuals is possible.

To investigate lobule ontogeny, apices from two or
three shoots of each order were dissected with a pair of
Inox no. 5 ‘Biologie’ tweezers and slide mounted in
water. Like Pryer & Hearn (2009), we did not measure
continuous development of a single leaf (ontogenetic
allometry); however, we did not compare a sequence of
mature lobules along a stem. Instead, we investigated
the sequence of lobules between the apical cell and the
first mature lobule on a stem. We take this sequence to
be homologous between stems, within and between
species, and this assumption allows us to perform what
is effectively a space (position)-for-time substitution on
lobule growth, where time is calibrated by position of
the lobule behind the apical cell. This is not a perfect
calibration, as by itself it does not necessarily discrimi-
nate between changes in rate or duration, but it is the
best calibration available for the non-living material
forming the basis of this study. This approach to
intrinsic calibration assumes that the sequence of
lobule growth is the same in all lobules on mature
shoot sectors, and that the relative rates of lobule and
apex growth are comparable between shoots and
species. Both assumptions could be violated, but
without studies of growth we cannot speculate on the
lack of dependence of metabolic rates on environment
conditions and nutrient status of shoots in different
parts of a shoot.

Use of sexual maturity as a referent for growth
comparison is problematic because: (1) production of
gynoecia terminates shoot growth; (2) an increase in
shoot stature usually precedes production of gynoecia;
and (3) antheridia are produced on lateral branches.

Mature leaf form was defined as the final form
produced in the development of a given shoot or
branch, with no further ontogenetic transformation in
later leaves following Mishler (1986). Juvenile leaves
were defined as those produced on immature shoots
associated with sporeling growth. Early developmen-
tal stages were referred to as ‘young’, also following
Mishler (1986).

Our approach is entirely phenomenological in that
evolution of growth is examined at the scale of the
whole organism and characterized by growth trajecto-
ries that represent the aggregate dynamics of many
unknown developmental processes occurring at cellu-
lar, tissue and organismal scales (Pryer & Hearn,
2009). We have made no assessment of the degree of
variation expressed by species beyond the level of
individual. Plasticity and genetic determinacy prob-
ably contribute to variation in ontogeny and morphol-
ogy, but we have not assessed the relative contribution
of either. However, no significant developmental vari-
ation between populations of a single species was
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observed in the study of species of Tortula Hedw. grown
under standard conditions by Mishler (1986).

The quantification of lobule morphology employed
in this study included the lobule insertion, but we did
not specifically investigate changes in stem insertion
that occur during lobule ontogeny.

PHYLOGENY RECONSTRUCTION

As ancestor–descendant relationships are part of the
definition of heterochronic mode (McLellan, 1993),
phylogeny must be known in order to identify which
kind of changes have occurred. The role of hetero-
chrony in changes in lobule ontogeny was established
by reconstructing ancestral states onto a molecular
phylogenetic tree using maximum parsimony, follow-
ing the approach of Pryer & Hearn (2009). Relation-
ships between the 93 Radula spp. sampled by Devos
et al. 2011a, b) were reconstructed on the basis of
their data, comprising six plastid markers: the trnL–
trnF spacer, trnG intron, rps4 (including the trnS–
rps4 spacer and rps4 gene), the psbA–trnH spacer, the
psbT–psbH region and the first half of the atpB gene
(Stech & Quandt, 2010). Primers and references are
given in Devos et al. (2011b). The best fitting substi-
tution model for each marker was identified with
the Akaike information criterion by MrModeltest
(Nylander, 2004) in conjunction with PAUP*
(Swofford, 2002). Ultrametric trees summarizing rela-
tionships and relative divergence times were esti-
mated using the Bayesian software BEAST ver. 1.4.8
(Drummond & Raumbaut, 2007). Six partitions, with
separate substitution models for each were specified.
A GTR + I + Γ substitution model was selected for
atpB, psbA–trnH, rps4, trnG and trnL–trnF and an
HKY + I + Γ selected for psbT. Base frequencies were
estimated from data, four gamma categories were
assigned for each substitution model and all substi-
tution models and clock models were unlinked. Sub-
stitution model priors followed default settings in
BEAUTi ver. 1.7.2. A separate uncorrelated lognormal
relaxed-clock modelled substitution rates for each
partition, with rates estimated relative to atpB. A
uniform prior with range 0–100 was applied to each
clock, a speciation birth–death model (Gernhard,
2008) with a uniform distribution applied to node
heights and an unweighted pair-group mean aggre-
gate (UPGMA) dendrogram was used as the starting
tree. The phylogenetic tree was not time-calibrated,
but branches in resulting ultrametric trees are pro-
portional to time. The analysis was run for 10 000 000
generations and sampled every 1000. Burn-in length
and convergence between the four runs were con-
firmed by comparing trace files for each run in Tracer
ver. 1.5 (Rambaut & Drummond, 2009). After exclud-
ing the first 10% of samples as burn-in, the 50%

majority rule tree summarizing the sample and
1000 randomly selected trees were used in correla-
tion analysis and phylomorphospace reconstruction.
The topology and branch lengths of the clade contain-
ing R. brunnea and species of Radula subgenus
Cladoradula were used in character state reconstruc-
tion and correlation analyses.

POLARITY OF CHANGE IN LOBULE ONTOGENY

Five lobules from each of three primary shoots were
measured for each species and the average shape
calculated. The average shape for each species was
included in a GPA of 93 of the species included in the
phylogenetic tree. The position of each Cladoradula
sp. on the first six principal components of this GPA
was scored in a data matrix with duration of growth.
Ancestral states for shape and duration of growth
were reconstructed on the topology of the majority-
rule ultrametric tree from BEAST, using squared-
change parsimony as implemented in Mesquite
(Maddison & Maddison, 2011), with R. brunnea as
the outgroup. First principal component scores and
growth duration were reconstructed for ancestral
nodes and then used to establish the polarity of
changes in both characters. The significance of corre-
lation between first principal component scores and
the duration of lobule growth was assessed using a
phylogenetic variance–covariance matrix within a
standard linear model (Freckleton, Harvy & Pagel,
2002), implemented by the package CAIC (Purvis &
Rambaut, 1995) in R 2.12.0 (R Development Core
Team, 2010).

RESULTS
LOBULE ALLOMETRY

Stems of primary, secondary and tertiary shoots in all
species show differences in stature, as illustrated for
stem sections of R. bipinnata in Figure 3. The size of
mature lobules is strongly positively correlated with
stem diameter, and a significant positive relationship
between lobule centroid size and stem diameter exists
for the whole data set (R2 = 0.796; F1, 178 = 693.5,
P < 0.0001).

TpsSmall (Rohlf, 2003b) verified that the tangent
plane projection did not significantly distort the dis-
tances among the surveyed lobules of four species
(Pearson product–moment correlation = 0.9999, slope
of relationship between tangent space vs. Procrustes
distances = 0.9748). The mean and maximum Pro-
crustes shape distances to the consensus configura-
tion were 0.2898 and 0.7182 units of Procrustes
shape distance, respectively, suggesting there was
considerable variation between lobules, and > 0.2 as
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recommended by Dryden & Mardia (1998). High dis-
tance values were associated with lobules having
large, auriculate bases.

Visual assessment of digitization error suggested
that this made a modest contribution to the scatter of
points. With the exception of two outliers, replicate

measurements fell within the same region of shape
space as the original measurements, suggesting that
the contribution to variation from error was small
compared with that existing within the data set
(Fig. 4).

The first principal component explains 80.5% of
shape variation in Procrustes fitted data and is asso-
ciated with changes from quadrate lobules with no
ampliate base at the positive end to triangular lobules
with a broadly and deeply ampliate base at the nega-
tive. Lobules at the negative end of this first compo-
nent have a straight or weakly curved keel and a
longitudinal stem insertion, whereas at the opposite
end they have an arched keel and a transverse stem
insertion. Visualizations of shapes at either end of the
first principal component are similar to observed
lobules, specifically those of primary shoots in
R. bipinnata and R. boryana at the negative end and
those of tertiary shoots of R. tenax at the positive
end (Fig. 5). The second principal component explains
8.6% of variation and, from the negative to positive
ends, is associated with a change from roughly trian-
gular lobules with a broadly ampliate base, an arched
keel and transverse stem insertion to ovate lobules
with a pronounced, if tiny, auricle at the top of the
stem insertion, a curved keel and a longitudinal stem
insertion. Triangular lobules at the negative end of
this axis are similar to observed lobules, which occupy
the same region of space; however, no real lobules
occur near the shape space at the positive end of the
second component (Fig. 5).

A significant allometric relationship between lobule
centroid size and lobule shape exists for the whole
data set (Wilks Lambda = 0.3783, F72, 107 = 11.96,
P < 0.0001), which explained 50.7% of variation in
shape. Visualizations of shapes expressed as deforma-
tions using the thin-plate spline show that small
lobules are rectangular and do not have a deeply
auriculate interior base, whereas large lobules are
more triangular and have a deeply auriculate base
(Fig. 6).

In each species, lobules of primary, secondary and
tertiary branches form clusters in different, although
often overlapping, regions of shape space (Fig. 7). The
lobules of R. bipinnata and R. boryana encompass
nearly all of the shape space described above, with
lobules of primary shoots clustering at the negative
end of the first principal component, secondary shoots
clustering in the middle and tertiary shoots at the
positive end. The spread of lobules is broadest at the
negative end of the axis and narrowest at the positive
end. In R. bipinnata there is a discontinuity in lobule
distribution along the first principal component
between lobules of third-order shoots and the rest. In
R. campanigera and R. tenax lobules of primary, sec-
ondary and tertiary shoots cluster in the same order,

50 µm

50 µm

50 µm

Figure 3. Representative transverse stem sections for
Radula bipinnata (NY 00877325) showing differences in
stature between (A) primary, (B) secondary and (C) ter-
tiary shoots.
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Figure 4. Digitization error. Open circles and open squares represent the original measurements for the whole data set.
Closed squares represent replicate measurements for open squares, the lobules on primary shoots of R. bipinnata and
R. boryana. The plot shows that these replicate measurements fall within the same region of shape space as the original
measurements, although there is some scatter between replicates.

Figure 5. Relative warps plot for all data from four focal species. In this plot, the first principal component explains
80.5% and the second principal component 8.6% of variation in lobule shape. Visualizations of shapes expressed as
deformations using the thin-plate spline illustrate shape changes described by the principal components are shown, for
first principal component with visualization above (B, C) and the second principal component to the side (D, E). Species
are represented by different symbols.
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but the lobules are distributed within a different and
narrower range of values along the first principal
component. The spread of lobules is roughly equal
along all values of the first principal component.

Lobules of different species and different shoots
all fall within relatively narrow ranges along the

first principal component, suggesting a degree of
canalization in lobule ontogenies (Fig. 8). For
R. bipinnata, R. boryana and R. tenax lobule cen-
troid size decreases with branch order, but first
principal component score increases. However, for
R. campanigera, centroid sizes for lobules from

Figure 6. Visualizations of shapes expressed as deformations using the thin-plate spline showing shape changes
associated with size for smallest, average and largest measured values of centroid size.

Figure 7. Lobules for Radula bipinnata, R. boryana, R. campanigera and R. tenax plotted on separate axes showing
differences between lobules from primary, secondary, and tertiary shoots. Principal component scores derived from
generalized Procrustes superimposition analysis (GPA) for combined data are shown in Figure 4.
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Figure 8. Box plots and average shapes for the four species whose allometry was investigated in this study. Box plots
show first principal component scores and centroid size values for lobules on primary, secondary and tertiary shoots for
each species. Average lobule shapes are shown for primary, secondary and tertiary shoots for each species.
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primary and secondary shoots are more or less the
same (Fig. 8).

The same relationship between lobule size and
shape is not expressed by all four species. The models
with constrained and relaxed allometric slopes pro-
duced highly significant relationships between cen-
troid size and lobule shape [model 1 (same slopes):
F288, 12 600 = 131.5924, P < 0.0001; model 2 (different
slopes): F504, 12 384 = 104.5401, P < 0.0001]. The per cent
variation unexplained was slightly higher for model 1
than model 2 (24.9 and 18.9%, respectively). The test
for difference in residual sums of squares matrices
from two models returned a significant result (Wilks’
Lambda = 0.0136, F216, 303.8 = 4.491, P < 0.0001), indi-
cating that allometric trajectories of different species
pointed in different directions in shape space.

LOBULE ONTOGENY

Patterns of growth in lobules change as lobules
mature and those changes follow a clearly defined
pattern across species. In R. bipinnata the youngest
discernable lobules at shoot apices are small buds
comprising tens of cells capped by a single, relatively
large, papilla. In these youngest multicellular lobules,
cell division occurs over the whole lobule (Fig. 9). The
zone of cell division, which is visible as a zone of
smaller paler thin-walled cells, contracts toward the

lobule base as cells at the apex mature, with matu-
ration happening faster in medial than in marginal
regions. In the lobule of the fourth leaf back from the
apex, cell division is concentrated in the lower inte-
rior quarter of the lobule and across the lobule inser-
tion, whereas cells in the other regions are expanding
and depositing secondary wall thickenings, or have
matured. In the fifth leaf behind the apex, the zone of
cell division is further restricted to the region of the
lobule base between and including the medial base
and the interior margin. Cells in the exterior margin
of the lobule base, and other medial and upper cells
have all matured. The lobule of the seventh leaf has
cells in the medial lobule base that have also matured
and the zone of cell division is restricted to the basal
part of the interior margin. In the ninth or tenth leaf
back from the apex, cell division on the basal part of
the interior lobule margin has ceased and the cells
have matured. As the lobule has completed growth,
expansion and secondary wall deposition, it can be
considered mature at this point (Fig. 9).

The ontogeny of lobules on secondary shoots exhib-
its the same pattern as on primary shoots, but restric-
tion of cell division to the base of the interior margin
occurs by the sixth lobule and, by the eighth lobule
back from the shoot apex, cell division has ceased
(Fig. 9). In lobules on tertiary shoots, cell division
appears to contract rapidly downward toward the

Figure 9. Sequence of lobules behind the shoot apex for different shoot orders in Radula bipinnata (NY 00877325), each
sequence from a single shoot. Lobule ontogenies were inferred from this sequence.
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lobule base and interior margin, and ceases by the
fourth lobule (Fig. 9).

Lobules on primary shoots of R. boryana exhibit the
same pattern of cell division as those of R. bipinnata,
but cell division is restricted to the lobule base by the
sixth or seventh leaf; by the tenth leaf, the lobule is
mature (Fig. 10). On secondary shoots, lobule cell
division is restricted to the interior base at the fourth
lobule, and lobule maturity is achieved by the sixth
leaf. On tertiary shoots of R. boryana, cell division is
‘further restricted’ to the base in the third lobule, and
at the fourth the lobule is mature. On primary shoots
of R. tenax, cell division is restricted to the lobule base
in the third leaf, and at the fourth leaf the lobule is
mature (Fig. 10). In lobules on secondary and tertiary
shoots, lobule maturity is reached at the third leaf.

In R. campanigera, cell division occurs in the lobule
basal half in the second leaf and is restricted to the
entire width of the lobule base in the third, rather

than the interior quarter as in other species (Fig. 10).
By the fourth leaf, lobule cell division has ceased.
Ontogeny is similar in lobules on secondary and ter-
tiary shoots, and in both cell division has ceased in
the fourth leaf.

Appendages in R. brunnea are the result of
localized cell division at the interior base. The dura-
tion of growth for R. brunnea, R. gottscheana and
R. perrottetii is summarized in Table 1.

POLARITY OF CHANGE IN LOBULE ONTOGENY

In a GPA and relative warps analysis of primary
shoot average lobule shape for the seven species, the
first and second principal components describe the
same deformations as the components from the whole
data set. The first and second principal components
describe 88.1 and 7.4% of variation, respectively; in
total, 95.5% of lobule shape variation.

Figure 10. Sequence of lobules behind the shoot apex for primary shoots in four different species of Radula subgenus
Cladoradula, each sequence from a single shoot. Zones of cell division are shown in black and zones of cell expansion and
maturation are shown in grey. Mature cells, characterized by large size, dark contents and walls with pronounced
secondary thickening are not highlighted. Radula bipinnata and R. boryana exhibit similar lobule ontogenies, and differ
from R. tenax in the duration of growth, and R. campanigera in both the duration of growth and the pattern of cell division
(see text).
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When ancestral states for duration of lobule ontog-
eny and lobule shape were reconstructed on the
Cladoradula phylogenetic tree (Fig. 11), the ancestor
was reconstructed as having lobules that matured in
6.33 leaves and had leaf shape similar to R. brunnea
(Fig. 10). At the basal node in subgenus Cladoradula,
growth duration diverges in opposite directions in
each daughter lineage. Radula campanigera has
shorter growth duration, of 4.00 leaves, whereas the
other daughter lineage is reconstructed as having a
duration of 6.65 leaves. Daughter lineages from the
next bifurcation also diverge in opposing directions.
In the lineage containing R. bipinnata, R. boryana
and R. gottscheana, reconstructed states increase
toward the tip values of 10.00 leaves, whereas in the
lineage containing R. perrottetii and R. tenax recon-
structed states decrease to the tip value of 4.00 for
R. tenax, but increase again for R. perotteii.

The phylomorphospace with growth duration recon-
structed at nodes (Fig. 12) shows growth duration and
shape are related, and a significant relationship
between growth duration and first principal compo-
nent scores exists (Table 2; multiple R2: 0.941, adjusted
R2: 0.929 (F2, 5 = 79.5; P = 0.00016). Diagnostic regres-
sion tests returned non-significant results, indicating
the assumption of evolution via Brownian processes
was not violated (Garland, Harvey & Ives, 1992).

Table 1. Duration of growth, in terms of which is the first
leaf to have reached maturity, for lobules of Cladoradula
spp. on different branch orders

Primary Secondary Tertiary

R. bipinnata 10th 8th–9th 4th

R. boryana 10th 6th 4th

R. campanigera 4th 4th 4th

R. tenax 4th 3rd 2nd–3rd

R. perrottetii 6th

R. gottscheana 9th–10th

R. brunnea 7th–8th 1st –

Figure 11. Ultrametric phylogeny for Radula subgenus
Cladoradula reconstructed for this study. Values shown
are posterior probability values > 90%.

4.0–4.6
4.6–5.2
5.2–5.8
5.8–6.4
6.4–7.0
7.0–7.6
7.6–8.2
8.2–8.8
8.8–9.4
9.4–10.0
10.0–10.6

Figure 12. Phylomorphospace, with phylogeny with ancestral states reconstructed using squared-change parsimony
mapped onto the first and second principal components derived from generalized Procrustes superimposition analysis
(GPA) of averaged data for primary shoot lobules. Circles at nodes show duration of lobule ontogeny measured in terms
of number of nodes produced by the apical cell before lobule maturity is reached. In this plot, the first principal component
explains 85.5% and the second 7.7% of variation in average lobule shape.
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DISCUSSION
INTERSPECIFIC VARIATION

Changes in lobule morphology in Radula subgenus
Cladoradula demonstrate that liverwort lineages
have the capacity for morphological change by multi-
ple modes of heterochrony, and that morphological
changes via heterochrony in liverwort gametophytes
can be dramatic and relatively rapid in a phylogenetic
context.

If the nodes from the phylogenetic tree leading to
and including each species are plotted for their recon-
structed first principal component scores and growth
durations, three patterns of change emerge in the six
species studied (Fig. 13). In R. bipinnata, R. boryana

and R. gottscheana, values for shallower nodes move
toward the upper right-hand corner of the plot, indi-
cating increase in both first principal component
scores and growth duration up the branches leading
to each species (Fig. 13). The increase is approxi-
mately linear in all species; there does not appear to
be a significant change in slope of the relationship
between the two variables. This pattern of linear
increase in both growth duration and shape is typical
of hypermorphosis, in which existing allometric tra-
jectories are extended by longer growth to achieve
novel forms (Alberch et al., 1979). Evidence for the
extension of allometric growth trajectories is seen in
lobule ontogeny for R. bipinnata, R. boryana and
R. tenax, in which adult lobules on primary branches

Table 2. Regression coefficients for correlation between first principal component score and duration of lobule growth

Estimate Standard error t-value P

(Intercept) −0.721308 0.112535 −6.4096 0.00137
Duration 0.0396767 0.0070414 5.6348 0.000296

Residual standard error 0.6899 on 5 degrees of freedom.
Multiple R2: 0.941, adjusted R2: 0.929 (F2, 5 = 79.5; P = 0.00016).

Figure 13. Scores on the first principal component plotted against duration of lobule growth for each species (filled circle)
and their ancestral nodes (open circles), with the sequence of nodes linked by an arrow showing the trajectory of change
from the base to the respective tip of the tree. Thin-plate splines show deformations associated with the first principal
component.
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pass through forms expressed by lobules on secondary
and tertiary branches as they grow. In contrast to
Cucurbita L., where differences between leaves in
different races are established early in ontogeny
(Jones, 1993), differences in lobules of these three
Radula spp. appear to be established late in ontogeny
(see discussion below), indicating conservation of
ontogenetic trajectories. Conserved trajectories indi-
cate ‘the maintenance of ancestral associations among
traits.’ (Klingenberg, 1998), but this maintenance
does not preclude change in mature form.

In R. campanigera and R. tenax, changes between
terminal and ancestral nodes involve a decrease in
growth duration and first principal component score.
In R. tenax, lobules on primary shoots are more similar
in first principal component scores to lobules on sec-
ondary branches in R. boryana, growth duration of
which is six nodes, than to the tertiary branches of
R. bipinnata that have the same duration of growth.
The first principal component scores of R. tenax
overlap with the secondary and tertiary lobules in
R. boryana. In part, this may be attributable to their
triangular shape, transverse stem insertion and
broadly but weakly ampliate lobule base. Character
state changes between ancestral and terminal nodes in
R. tenax, the growth duration and the similarity to
lobules on branches of other species (see below) are
consistent with progenesis, perhaps with a degree of
acceleration to achieve an ampliate lobule base by the
fourth lobule. Further evidence for acceleration can be
seen in lobule ontogeny, where cell division has con-
tracted to the lobule base by the second or third node,
whereas, in lobules of similar age (position) in
R. boryana, cell division is still broadly distributed in
the interior basal quarter and the lobules have not yet
developed an ampliate interior base (Fig. 10).

According to our representation, R. campanigera is
also progenetic with respect to its ancestor. This may
be supported by lobule ontogeny, in that cell division
is rapidly restricted to the lobule base, where it is
evenly distributed across the base before ceasing.
Maturation of individual leaves from apex to base has
also been observed in Tortula (Mishler, 1986).

Radula perrottetii does not exhibit a clear correla-
tion between changes in growth duration and first
principal component scores in its ancestral nodes.
Ancestral nodes leading to this species, including the
basal node of subgenus Cladoradula, cluster around
growth duration values of six nodes and first principal
component scores of 0.0 to −0.2. The lobules of
R. perrottetii may be similar to those possessed by the
ancestor of subgenus Cladoradula, given the similar-
ity of first principal component scores and growth
duration between it and the ancestral node.

Allometric trajectories can be extended or truncated
(Klingenberg, 1998) and shifts in timing of growth

typically involving early termination of development
are common in descendant species (Li & Johnston,
2000). Heterochrony is known to play a role in the
morphological evolution of bryophytes, and a range of
heterochronic changes in different leaf structures were
documented in the moss genus Tortula by Mishler
(1986), including hypermorphosis in leaf papillae of
T. papillosissima (Copp.) Broth., paedomorphosis in
leaves of T. andicola Mont. and T. bogotensis Hampe,
in which transitions in leaf characteristics along
branches showed the incorporation of juvenile mor-
phology into adults of descendant species (Mishler,
1986, 1988). Although paedomorphosis has been docu-
mented for some liverworts (e.g. Gradstein et al.,
2006), Radula subgenus Cladoradula appears to be
the first example in liverworts in which both paedo-
and peramorphosis explain current morphological
diversity. By generating larger novel lobule structures
in addition to reduced morphologies, heterochrony
may contribute to the 85% of variation in Radula
subgenus Cladoradula lobule morphology explained
by the first principal component, with which changes
in growth duration are significantly correlated.
Changes in timing and rate of growth may characterize
many morphological innovations exhibited by the
gametophyte generation of liverwort species.

Radula subgenus Cladoradula illustrates that liv-
erworts have the capacity for relatively rapid morpho-
logical change via heterochrony. Although absolute
time calibration of the phylogeny for Radula is not yet
available, reconstruction of topologies with branch
lengths proportional to time is, and hence it is possible
to speculate in fairly general terms about relative rates
of morphological change in these quantitative charac-
ters. That species are related by relatively shallow
nodes, and short branches, in the crown of Radula
subgenus Cladoradula clade suggests divergences and
associated heterochronic changes have occurred rela-
tively recently. The rapid morphological diversification
in the crown of Cladoradula contrasts with the relative
stasis between the ancestral node and R. brunnea.
Five of the species in the ingroup have undergone
heterochronic changes, but it appears from the ances-
tral state reconstruction that R. perrottetii has not. If
this reconstruction is accurate, then R. perrottettii
retains the ancestral condition and heterochronic
changes have not occurred in all species of subgenus
Cladoradula.

Although our majority-rule phylogenetic tree is
fully resolved and the relationship between ingroup
species and R. brunnea is fully supported, some of the
nodes in Cladoradula are not well supported. Despite
potential variance regarding our ancestral state
reconstruction resulting from weak phylogenetic
signal, conclusions drawn about changes in ontogeny
are robust with respect to the outgroup. Character
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state reconstructions at ancestral nodes may be influ-
enced by variation in topology of the estimated phy-
logeny. However, the degree of impact has not been
assessed, except that correlation between relative
warp (RW1) scores and growth duration is also sig-
nificant using the topology of Devos et al. (2011a),
which differs in some relationships from ours.

Squared-change parsimony may reconstruct differ-
ent values for nodes from other methods of ancestral
character state reconstruction. In one study of differ-
ent state reconstruction methods, most hypothesized
values differed minimally among methods, but at
some nodes they varied by up to 50% (Cohen, 2012).
We also acknowledge that the use of single point
values for terminal nodes does not capture variation
in quantitative characters (Stevens, 1991; Gift &
Stevens, 1997), but we hold that mean shapes can be
meaningfully employed to investigate macroevolu-
tionary dynamics, as have other studies (e.g.
Sidlauskas, 2008).

INTRA-INDIVIDUAL VARIATION

Variation in pteridophyte and angiosperm leaf mor-
phology is tied to differences in leaf ontogeny
(Gleissberg & Kadereit, 1999; Li & Johnston, 2000;
Pryer & Hearn, 2009), and variation in ontogenetic
processes supplies static variation upon which
natural selection can act to produce evolutionary
change. In the ontogeny of R. bipinnata primary shoot
lobules, parallels are seen with the morphology of
mature lobules from secondary and tertiary shoots of
the same shoot system. Heterochronic changes along
allometric growth trajectories occur in individuals of
three species of Radula subgenus Cladoradula. In
R. bipinnata the morphology of mature lobules on
secondary and tertiary shoots is seen in the ontogeny
of lobules on primary shoots, in which there is a
transition from triangular lobules expressed early in
ontogeny (as in tertiary shoots) to lobules with a
small auricle (as in secondary shoots) to the deeply
auriculate mature lobules expressed late in ontogeny.
This pattern suggests that some form of heterochrony
is responsible for differences between shoots in indi-
viduals of R. bipinnata.

A schematic representation of lobule ontogeny can
be conceived to explain variation between shoots. If
we locate the origin of each slope at 0 duration,
and a first principal component value corresponding
approximately to the smallest lobules observed along
shoot apex (an approximation sufficient for our pur-
poses) and then draw lines representing ontogenetic
trajectories from this origin to each average lobule
shape, the resulting scheme suggests that lobules on
secondary and tertiary shoots are progenetic with
respect to lobules on primary shoots (Fig. 14), in that

the slope of the relationship between growth duration
and shape does not change. Lobules on secondary and
tertiary branches in R. boryana and R. tenax also
exhibit differences consistent with paedomorphic
changes by progenesis (early maturation) compared
with the primary shoot lobules (Fig. 14). However, in
R. campanigera, lobules on secondary and tertiary
branches exhibit different slopes from the primary
branches (given our somewhat subjective origin), as
mature shapes differ even although the durations of
growth are the same.

Neoteny is change in shape only, and results in
different allometry from ancestors (Shea, 1983;
Klingenberg, 1998). The slope of the relationship
between shape and growth duration changes in sec-
ondary and tertiary branches in a pattern consistent
with neoteny (Alberch et al., 1979). Intraspecific dif-
ferences attributable to heterochrony are known in
other plant groups (Mayers & Lord, 1983; McLellan,
1990, 1993; Clearwater & Gould, 1993; McLellan &
Dengler, 1995). However, we are not aware of another
group where intraspecific, and indeed intra-individual
variation is explained by different heterochronic pat-
terns in relatively closely related species. The pattern
of lobule ontogeny is different in R. campanigera; i.e.
cell division across the entire base. This may explain
neoteny of secondary and tertiary branches, and why
the four species were found not to exhibit the same
relationship between size and shape.

Diversity in scaling relationships is usually phylo-
genetically correlated, with extreme variation occur-
ring between groups, and limited variation occurring
within groups (Eberhard & Gutierrez, 1991; Frankino
et al., 2005). In contrast to these examples, Radula
subgenus Cladoradula exhibits substantial variation
in a small group.

Regularly bipinnate and pinnate shoot systems that
exhibit morphological differences between branches of
different order are characteristic of many liverwort
groups, including Porellaceae, some subgenera of
Frullania Raddi, Lepidolaenaceae and Lepidoziaceae.
Differences in shoot morphology in these groups may
also result from intra-individual heterochrony.

LOBULE INSERTION

The insertion of lobules on tertiary branches of
R. bipinnata, R. boryana, R. campanigera and
R. tenax is longitudinal, whereas in other branches
they are mostly transverse. This is one aspect of
lobule morphology that is not replicated in the ontog-
eny of lobules on primary shoots. Young lobules of
R. bipinnata primary shoots have a semi-circular
stem insertion, which as a result is neither wholly
longitudinal nor transverse (Fig. 8). What seems to
happen as lobules grow is the upper end of this
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insertion lengthens, whereas the lower does not, and
a transverse insertion, which retains a semi-circular
shape, results. In lobules of tertiary shoots the
reverse may achieve a longitudinal insertion. Growth
in either case would have to be coupled to changes in
the underlying stem architecture, as it involves the
point of fusion between the lobule and stem. The
nature of our investigation precluded observation of
this relationship. Schuster (1980) claimed that in
Radula a transverse lobule insertion was surely
primitive. Assessment of this claim will require
broader sampling across Porellales.

ECOLOGICAL CONSIDERATIONS

Heterochrony is significant because it can produce
novelties simply by changing the timing of develop-

mental events or the rate of developmental processes
(Li & Johnston, 2000), and heterochronic changes
underpin morphological diversification in the leaves
of a wide range of plants. Sequential paedomorphosis
in Hawaiian Cyanea Gaudich. appears to be a signifi-
cant source of diversification in leaf morphology
(Lammers, 1990). Changes in leaf ontogeny under-
pinned diversity in leaf morphology in Tortula, and
suggested juvenile morphology had been incorporated
into the adult morphology of descendent species
(Mishler, 1988). The non-homology of ‘leaves’ in the
gametophyte generation of bryophytes and sporo-
phyte generation of ‘higher’ plants has presented
opportunities to test the generality of the evolution-
ary malleability of photosynthetic organs, as sug-
gested by leaf diversity in Tortula (Mishler, 1988) and
the Radula lobules studied here. Photosynthetic

Figure 14. Schematic representation of ontogenetic lobule shape trajectories, sensu Alberch et al. 1979 and Pryer &
Hearn 2009, showing time (measured in terms of the number of nodes between the lobule and the shoot apex at the time
cell division in the lobule ceases on the x-axis) and scores on the first principal component describing 85.5% of variation
in shape on the y-axis. The origin for each growth trajectory is somewhat arbitrarily located at a growth duration of 0,
and a score on the component axis whose visualization using the thin-plate spline corresponds to the shape of the smallest
lobules measured in this study.
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organs are usually more variable than reproductive
organs (Li & Johnston, 2000), but morphological
diversification in reproductive organs can be attrib-
utable to heterochrony, or mixtures of heterochronic
modes in different parts (Guerrant, 1982); e.g. in
flowers of Dactylorhiza viridis (L.) R.M.Bateman,
Pridgeon & M.W.Chase (Box et al., 2008). Mixtures of
heterochronic changes in an organism stress the fact
that species cannot be paedomorphic or peramorphic;
only parts can, and only with respect to an outgroup
(Klingenberg, 1998).

Regularly pinnate branch systems that exhibit
large differences between shoots, but little variation
within shoots (Fig. 7), suggest that apical cells have
some sort of ‘positional memory’ in the context of
shoot architecture; they do not freely transform
shoots from one form into another. The correlation
between shoot stature and lobule morphology, and the
regular branching patterns combine to produce archi-
tecturally complex shoot systems in Radula subgenus
Cladoradula. Shoot systems occupy a plane, distrib-
uting photosynthetic tissue throughout (see Fig. 1).
Regularly produced branches of progressively smaller
stature fill gaps between larger branches in
R. bipinnata and, to a lesser extent, R. boryana and
R. gottscheana.

The form of all photosynthetic plants must perform
four functions at the level of individual organism: (1)
light interception; (2) gas exchange; (3) water acqui-
sition and transport; and (4) mechanical integrity
(Niklas, 2004). The performance of different functions
can place antagonistic demands on morphology
(Gates, 1965; Nobel, 1983), and different morpholo-
gies may be better suited to optimizing one function
over others (Niklas, 2004).

A plane-filling morphology was found to optimize
light interception (Niklas, 2004), and this form is
expressed by species of Hypnodendrales (i.e. Bell,
Newton & Hyvönen, 2012) that grow in terrestrial
microsites from horizontal surfaces. Large space-
filling bryophytes are expected to outcompete small
compact forms for space and light (Proctor, 1990), by
spreading photosynthetic tissue more diffusely in
space (Monsi, Uchijima & Oikawa, 1973). Stable
hyper-humid environments may relax functional
‘pressures’ for water conservation (Niklas 2004) and
facilitate longer growth durations, thereby facilitating
the development of architectures to optimize light
capture. The planar, regularly bipinnately branched
shoot architectures exhibited by many species of
Radula subgenus Cladoradula may serve to optimize
light interception, but from horizontal rather than
vertical substrates. A robust primary axis is required
to provide the requisite structural support to hold
regularly branched, planar shoot systems horizontally
away from tree trunks and the sides of large rocks.

The larger primary stems with heavily thickened
cortical cell walls may serve this function. However,
to attain large size they need to grow for longer
durations. Lobule shape changes resulting from
hypermorphosis could be a by-product of longer
growth durations at shoot apices required to build
primary axes sufficiently large to perform a structural
role. Phylogenetic trends may be the result of deter-
ministic, developmental causes or may simply be an
artefact of increasing the duration of ontogeny
(Niklas, 1982). Niklas (1982), in simulation studies of
early land plant branching morphology, observed that
evolutionary transitions from geometric to binomial
branching were achieved simply by increasing
shoot size. The phylogenetic trends observed in
Cladoradula lobules could be an artefact of the
increasing duration of ontogeny necessary to meet
structural demands placed on stems to support shoot
systems held away from the substrate. In this case,
auriculate lobules may be considered a ‘spandrel’ in
the context of a larger structure (Gould & Lewontin,
1979). Large, open growth forms are viable only
where net radiation, wind speed and saturation
deficit are all relatively low, conditions met in shel-
tered habitats such as forest interiors where bryo-
phytes are often prominent (Proctor, 1990).

Gametophytes of Radula subgenus Cladoradula, in
particular R. bipinnata, attain the greatest stature
of species in the genus, and are among the largest
species of Leafy 1 sensu Davis (2004), alongside
species of Frullania Raddi and Porella L. that exhibit
similar architecture, habitats and size. Structural
strategies enabling development of a robust gameto-
phyte must be employed to overcome pressures
associated with a motility-based fertilization system
(Renzaglia et al., 2000) requiring uninterrupted
access to water for reproductive success, and to facili-
tate continual vegetative growth (Renzaglia et al.,
2000). The large auriculate lobules could function in
external water transport systems by providing conti-
nuity of surfaces for solute transport via capillary
action. Porous basal cells and mamillose and papillose
leaf cells in Tortula form capillary channels for the
movement of water up the shoot and across the leaf
lamina (Dilks & Proctor, 1979; Proctor, 1979, 1981).
Incubous leaf insertion in epiphytic species may
achieve a balance between water transport via capil-
lary action on the underside of shoots and gas
exchange for photosynthesis. Rapid drying is harsher
on cellular integrity and metabolism in mosses
(Bewley, 1979, cited in Proctor, 1990), and rapid rehy-
dration may also be damaging as a result of solute
loss before membrane integrity is re-established, and
through more general cell damage (Oliver & Bewley,
1984). Overlapping concave leaves allow both exter-
nal capillary conduction and free gas exchange over a
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wide range of water content of plants (Dilks &
Proctor, 1979; Proctor, 1979, 1984), and may buffer
against water deficit.

IMPLICATIONS FOR TAXONOMY AND NOMENCLATURE

The relative structural simplicity of liverworts usually
means species in genera, and even entire families are
outwardly similar, and this may pose challenges for
those interested in meaningful classifications and
origins of diversity alike (Heinrichs et al., 2010;
Feldberg et al., 2011; Renner, Brown & Wardle, 2011).
Qualitative character differences between species may
be few (Renner & Braggins, 2004; Renner, 2006; Devos
et al., 2011a), but Radula spp. typically exhibit quan-
titative differences in size and shape of structures
found in sterile gametophytes, and these have been
widely employed in alpha-taxonomic studies (Yamada,
1979, 1983, 1984). Typically, differences between
species in lobule shape have been communicated to
give the impression that these are absolute. This study
suggests otherwise, as have a growing number of
others (e.g. Pätsch et al., 2010).

In Begonia L. (McLellan, 1993), the occurrence of
leaves of many shapes on a single plant is relevant to
species circumscription. Patterns of variation may be
relevant to species circumscription, as in the differ-
ence between R. bipinnata and R. boryana, where the
most significant difference appears to be the relative
stature and shape of the tertiary shoot lobules. Dif-
ferences characterizing species of Tortula appear for
the most part in later developmental stages (Mishler,
1986). If leaf shape is used, mature adult leaves
should be considered for consistency of difference
between species.

Given the frequently fragmentary nature of type
specimens for many older Radula spp., those com-
prised of portions of secondary and/or tertiary shoots
will not be representative of species morphology. Rec-
ognition of hierarchically structured shoot systems
and an understanding of morphological variation in
different branches of those shoot systems will be
necessary before an accurate appraisal of type speci-
mens will be possible.
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