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Abstract Phylogenetic studies of lineages growing in ex-
treme environments have frequently recovered evidence not
only of high level of homoplasy but also of discordance of
morphological disparity and species diversity. It has been
suggested that this divergence may be caused by developmen-
tal constraints and/or natural selection. Here we explored these
hypotheses by inferring the phenotypic evolution of the de-
rived liverwort genus Cololejeunea. These liverworts occur
preferentially on the surface of leaves or other aerial parts of
vascular plants growing in wet forests. The evolution of 12
morphological characters was studied using a phylogenetic

framework comprising 70 species of Cololejeunea. The phy-
logeny was reconstructed using DNA sequences of one nu-
clear and two plastid regions and enabled the inference of the
evolution of the studied morphological characters by deter-
mining the frequency of homoplasy. Mantel tests were used to
test for correlations of morphological disparity×species diver-
sity and morphological disparity×epiphytism. The phyloge-
netic informativeness of each binary character was estimated
by the D metric of the Fritz and Purvis test, and the relation-
ship between each character and epiphytism was inferred by
Pearson’s coefficient. We evaluated the morphospace occupa-
tion using principal coordinate analyses. Our results not only
recovered high levels of homoplasy but also weak correlations
of morphological disparity and species diversity.
Morphological disparity was not linked to epiphytism, al-
though positive or negative relationships between some char-
acters and epiphytism were found. The Brownian model of
character evolution was not rejected for the studied morpho-
logical disparity inCololejeuneawith the exception of asexual
propagules. The observations support the prediction that iter-
ative evolution in a well-defined morphospace may result in
rampant homoplasy and the observed divergence of disparity
and diversity.
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Introduction

The introduction of molecular phylogenetics enabled us not
only to improve our knowledge of the tree-of-life but also to
explore hypotheses explaining the accumulation of biological
diversity, including species diversity and morphological dis-
parity. Discordance between species diversity and
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morphological disparity has been reported for various lineages
of animals and plants (Foote 1993, 1997; Jablonski 2008;
Slater et al. 2010; Wagner 2010). This pattern has commonly
been explained by hypotheses of developmental (Valentin
1986; Erwin 2007; Wake et al. 2011) and/or ecological
(Jablonski 2008; Donoghue and Ree 2000) constraints that
are assumed to limit the accumulation of phenotypic disparity.
More recently, the impact of other factors such as extinction
has been explored as an alternative explanation for lineages
that show a decoupling of species diversity and accumulation
of disparity (Hopkins 2013). However, our understanding
with respect to processes controlling rates of phenotypic evo-
lution and their correlation with speciation rates is still limited,
despite some recent key contributions (Rabosky and Adams
2012; Rabosky 2013; Pie and Weitz 2013). A major short-
coming is the small number of empirical studies exploring
these concepts and hypotheses over all branches of the tree of
life and a wide range of spatial and temporal settings.

Very little research to date on the accumulation of morpho-
logical disparity has focused on older/mature radiations (for
definition, see Linder 2008). Such lineages are expected to
occupy most or nearly all of the available “morphospace”. In
these cases, saturation may result in the accumulation of
homoplasy (Foote 1997; Hughes et al. 2013), which has been
discussed as a result of design limitations caused by inherited
constraints (Wake 1991; Donoghue and Ree 2000; Losos
2011) or natural selection caused by occurrence in similar
environments (Wake et al. 2011). Frequent morphological
homoplasy was observed in phylogenies of several land plant
lineages occupying preliminary epiphytic or epiphyllous hab-
itats (Ranker et al. 2004; Dong et al. 2012; Yu et al. 2013a) but
also in other groups of plants and animals (e.g. Mueller et al.
2004; Bortiri et al. 2006; Wake et al. 2011). Lineages occu-
pying a well-defined “ecospace” with somewhat extreme
conditions are well suited to test the hypothesis that limitations
of morphological divergence cause not only homoplasy but
also decoupling of species diversity and morphological dis-
parity. Such lineages can also be employed to investigate the
role of constraints on the available “morphospace” such as
developmental blueprint (Sears 2004; Davidson and Erwin
2006) and/or stabilizing selection (Wagner 2010).

These aspects are explored here by inferring the accumu-
lation of phenotypic disparity in the derived leafy liverwort
genusCololejeunea. This genus is one of the most species-rich
genera of liverworts, with estimates well above 100 species as
indicated by more than 400 published binominals (The Early
Land Plant Today report, unpublished data). Representatives
of Cololejeunea grow preferentially on the surface of the
leaves of vascular plants (as epiphylls) or on the bark of
trunks, branches and twigs (as trunk epiphytes).
Cololejeunea and a few rela ted genera such as
Diplasiolejeunea, Drepanolejeunea and Leptolejeunea domi-
nate the epiphyllous diversity of land plants (Pócs 1996;

Gradstein 1997). A recent study demonstrated that homoplasy
is frequent in Cololejeunea (Yu et al. 2013a). In addition,
cryptic or semi-cryptic speciation is likely a common phe-
nomenon in this genus and related lineages (Heinrichs et al.
2009, 2013; Dong et al. 2012; Yu et al. 2013b). Cololejeunea
species are known for their rather small gametophyte size and
the occurrence of putatively adaptive features such as com-
pressed and thin stems, lack of underleaves, inflated lobules,
and asexual propagules (Gradstein 1997; Gradstein et al.
2006; Kraichak 2012). Furthermore, Cololejeunea and the
closely related genus Colura include a few highly distinct
species, characterised in particular by larger size, robust stems,
and the unusual growth as rheophytes (= growing on branches
or twigs that are regularly submerged) (Gradstein et al. 2011;
Heinrichs et al. 2012). The distinct morphology of rheophytic
species such asCololejeunea stotlerianaGradst., Ilkiu-Borges
& Vanderpoorten (Gradstein et al. 2011) is likely caused by a
breakdown of ecological constraints to the evolution of new
phenotypes. In contrast, the vast majority of Cololejeunea
species are either epiphyllous or epiphytic and thus the genus
displays niche conservatism. Epiphyllous habitats are avail-
able mainly in tropical and subtropical forests and have a set
of important characteristics: extreme ephemeral substrate
(limited time of availability), usually smooth surfaces, limited
access to nutrients and water, but also putative exposure to
light. In the present study, we explored the assembly of
morphological disparity by employing a phylogenetic frame-
work based on DNA sequences of the plastid (pDNA) and
nuclear (nDNA) genome. We selected morphological charac-
ters that are considered to be diagnostic in recent taxonomic
studies (Zhu and So 2001) plus several traits of the life history.
Several statistical methods were used to explore alternative
explanations of the assembly of morphological disparity using
a comprehensive taxonomic sampling. In particular, we in-
ferred correlations of morphological disparity with (1) the
phylogeny of the genus and/or (2) preference for epiphytic/
epiphyllous growth. Furthermore, we inferred if the assembly
fits best with one out of three models of diversity accumula-
tion, i.e. random, Brownian motion, or phylogenetic cluster-
ing. Finally, we explored the empirical morphospace occupied
by the studied species with the aim to explore evidence
supporting the hypothesis of restricted morphospace and its
relation to the epiphyllous/epiphytic habitat.

Materials and methods

Taxon sampling and morphological character scoring

The ingroup consisted of 70 Cololejeunea species
representing nine out of ten currently accepted subgenera
(Pócs and Piippo 2012). A total of 192 sequences of 64
accessions were obtained from Yu et al. (2013a), whereas 18
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sequences of 6 accessions were newly generated for this study
(see Online Resource 1). The outgroup taxa were obtained
from Wilson et al. (2007). Online resource 1 (supplementary
information) lists general locality, collector, collection number
and herbarium as well as GenBank accession numbers for all
taxa and DNA sequences. Two matrices and one strict con-
sensus tree from Bayesian analyses (Fig. 1) were deposited in
TreeBase (http://purl.org/phylo/treebase/phylows/study/
TB2:S14974). For each species, two plastid regions (rbcL,
trnL-F) and one nuclear region (nrITS) were sequenced using
protocols described in Yu et al. (2013a). Twelve characters
describing gametophyte morphology and life history were
scored for each species of the ingroup based on species
description provided in the literature (e.g. Grolle 1985;
Tixier 1985; Zhu and So 2001; Zhu et al. 2004; Pócs and
Bernecker 2009; Renner and Pócs 2011; Pócs and Schäfer-
Verwimp 2012) and our own observations from accessible
herbarium specimens. Each critical character was checked
before accepting scores. In total, these characters (listed in
Table 1) include the number of cortical cells, the position of
the hyaline papilla [= tiny, thin-walled, secretory cell associ-
ated with leaf initial cells in liverworts and persisting in
mature leaves (Gradstein et al. 2001)], lobule size, stylus size,
vitta (longitudinal band of elongated, often thicker-walled
cells in a leaf, Gradstein et al. 2001), papillae/mamillae on
the dorsal surface of leaf cells, branching, sigmoid cells (S-
shaped cells of leaf margin), sexuality, asexual and leaf-born
propagules, and gametophyte size. An exhaustive study of the
available data suggested the treatment as discrete characters
with two character states as the best applicable approach to all
characters. Scoring binary character states allowed us to em-
ploy several methods (see below) applicable only to such
character matrices. We carefully evaluated if some homoplas-
tic character states could be resolved by introducing multi-
character states but no evidence was found to support such
treatments. Thus, we accepted the binary scoring as indicated
by the taxonomic practice. Similarly, we checked the possi-
bility to score some characters as continuous. However, we
preferred discrete binary characters to keep the desired con-
sistency in the application of different analytical approaches.
Integration of the molecular and morphological matrices as
well as trees obtained in the phylogenetic analyses was per-
formed in Mesquite 2.75 (Maddison and Maddison 2011).

Phylogenetic analyses

Phylogenetic analyses were conducted using both maximum
likelihood (ML) and Bayesian inference (BI) of phylogeny.
ML analyses were carried out independently for the pDNA
and nrITS datasets using the plugin PhyML v3.0 (Guindon
et al. 2010) implemented in Geneious v6.0.3 (http://www.
geneious.com/). The appropriate substitution models GTR+
I+G and TrN+G for pDNA and nrITS, respectively, were

chosen based on the Akaike information criterion (AIC) and
the hierarchical likelihood ratio test (hLRT) in jModeltest v2.
1.2 (Darriba et al. 2012). The bootstrap values of the ML
analyses were generated via 200 non-parametric bootstrap
replicates using the same model and parameters as in the
optimal tree search. Evidence for topological differences be-
tween pDNA and nrITS was explored by visually comparing
the topology of ML trees, particularly branches with bootstrap
values≥70 % (Mason-Gamer and Kellogg 1996). In the ab-
sence of topological heterogeneity, the plastid and nuclear
dataset were combined. BI of phylogeny was performed using
MrBayes 3.1.2 (Huelsenbeck and Ronquist 2001) to obtain
Bayesian posterior probabilities (BPP). The analyses were
performed with partitioning into plastid and nuclear regions.
Bayesian searches were carried out with four Markov chain
Monte Carlo runs consisting of 10 million generations with a
sampling frequency of every 1,000th generation. The conver-
gence of runs and burn-in phase was estimated in Tracer v 1.4.
4 (http://beast.bio.ac.uk/Tracer/). The first 10 % of saved trees
were discarded as burn-in samples. BPP was generated from
trees saved after exclusion of this initial burn-in phase.

Correlation of morphological disparity and species diversity

We estimated consistency index (CI), homoplasy index (HI),
and retention index (RI) for each character using Mesquite
2.75 (Farris 1989). The statistics were calculated by plotting
each character onto the consensus phylogeny obtained in the
Bayesian analyses of the combined DNA dataset. Using the
phylogeny framework links the reconstruction of the phylo-
genetic relationships and the inference of the evolution of the
12 selected characters. The estimated values are known to be
dependent on the number of taxa and the percentage of char-
acters changing states per node (Hauser and Boyajian 1997).
The relationship between morphological disparity and phy-
logeny was quantified by the approach described in Roncal
et al. (2012). Phylogenetic distance matrices were constructed
based on either patristic (PD) or Hamming (HD) distances,
which were calculated using PATRISTIC (Fourment and
Gibbs 2006) and Splitstree v4.12.3 (Huson and Bryant
2006), respectively. The PD and HDmatrices of the combined
dataset were based on the Bayesian consensus tree, while
those of pDNA and nrDNAwere each based on a single ML
tree. The correlation of phylogenetic and morphological char-
acter distance matrices was estimated for either the whole
genus or selected clades using theMantel test in the R package
‘vegan’ (Oksanen et al. 2008) running in the R environment
(R Development Core Team 2010). We performed a principal
component analysis (PCA) for variable redundancy for the
morphological character dataset. Subsequently the morpho-
logical distance matrix was generated in SPSS v19.0 (IBM,
Armonk, NY) based on the first eight components
explaining≥85 % variation of morphological characters
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(Table S2) and Euclidean coefficient. These relationships were
visualised by generating scatter plots with the y-axis corre-
sponding to the morphological distance matrix and the x-axis

either to the PD or HDmatrix. These analyses were carried out
for the whole ingroup (= Cololejeunea) and clades selected
based on the criteria “comprise at least four species” and “BPP
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Fig. 1 Majority consensus tree obtained from the results of Bayesian
inference of phylogeny using the combined dataset with a partition of
plastid (pDNA) and nuclear (nDNA) DNA. The consensus tree is gener-
ated based on the trees recovered in 9,000,000 generations that were
assembled from the results of MrBayes analyses with the exclusions of
the burn-in phase determined as 1,000,000 generations. Posterior values

P≥0.95 are indicated as thick branches. Seven clades AA–F were defined
based on clade posterior values P≥0.95 and the minimum number of four
accessions. The column on the right shows the distribution of 12 discrete
morphological characters plus epiphytism across the 70 species of
Cololejeunea. Each character was scored binary. Scale bar Number of
estimated substitution events
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P≥0.95”. The correlations between the distance matrices were
inferred using Mantel tests reporting the observed correlation
of the matrixes (R) and its significance value P. We considered
P<0.05, P<0.01, and P<0.001.

Correlation of morphological disparity and epiphytism

We employed two approaches to infer the correlation of
morphological disparity and epiphytism. Firstly, the relation-
ship between 12 morphological characters and epiphytism
distance matrices was estimated using the Mantel test in R
package “caper” and “ape” (Paradis et al. 2004). Secondly, the
correlation between each character and epiphytism was calcu-
lated using Pearson’s coefficient in IBM SPSS v19.0 (IBM).

Phylogenetic signal strength analyses

Because we scored binary characters, the phylogenetic signals
strength of the 12 characters was measured using the D metric
of the Fritz and Purvis’ test (Fritz and Purvis 2010). The D
metric is designed to be the equivalent of Pagel’s λ parameter
of phylogenetic informativeness of continuous characters
(Pagel 1999) if binary characters are considered. The Dmetric
takes the whole phylogeny into account at once and is inde-
pendent of trait prevalence as well as phylogeny size and
shape, though this metric has practical limitations for small
trees with less than 50 tips (Fritz and Purvis 2010). The D
metric of each character on phylogeny was calculated using
the phylo.d function in the R v2.15.1 package ‘caic’ (Orme
et al. 2008). The D statistic is interpreted as follows: D<–1
indicates that traits are conserved phylogenetically, D=0 in-
dicates that traits are distributed as expected under the
Brownian motion model, D=1 indicates that traits are distrib-
uted randomly, and D>1 indicates that traits are over-
dispersed. We inferred the estimated D fits best to the

assumption of a random or Brownian motion model based
on the probability of the estimated D resulting from random
(no) phylogenetic structure (RPS) or Brownian phylogenetic
structure (BPS).

Morphospace occupation

The morphological occupation of 70 Cololejeunea species
was inferred by using principal coordinate analysis (PCoA)
implemented in the software NTSYSpc v. 2.10 (Exeter
Software, Setauket, NY). The morphological dataset compris-
ing 12 binary characters was transformed into a Jaccard dis-
tance matrix, which was then subjected to PCoA. The mor-
phological occupation was visualised by generating two-
dimension-scatter-plots based on the first two PCoA compo-
nents. The results were explored by studying the PCoA eigen-
values and visual identification of the position of species and
clades. In particular, we explored evidence for a differentiation
of the reconstructed morphospace among clades and between
species growing predominantly epiphyllous and those with a
broader ecological range. Of course, we were also interested
in putative outliers such as the rheophytic Cololejeunea
stotleriana.

Results

The plastid and nuclear data were combined because no
evidence of topological conflict between these two datasets
was recovered. The combined dataset included 2,687 (rbcL
1,228, trnL-F 440, and nrITS 1,019) characters, of which
1,660 (rbcL 983, trnL-F 255, and nrITS 422) were constant,
303 (rbcL 122, trnL-F 72, and nrITS 109) variable but
parsimony-uninformative, and 724 (rbcL 123, trnL-F 113,
and nrITS 488) parsimony-informative. All Cololejeunea

Table 1 The 12 morphological characters/traits explored in this study. Character, character states (all binary coded), and the phylogenetic statistics of
each character as inferred using the DNA-sequence based phylogeny in Mesquite. CIConsistency index, HI homoplasy index, RI retention index

Character Character states CI HI RI

Number of cortical cells 5-8 cortical cells (0); 15-20 cortical cells (1) 0.500 0.500 0.000

Position of the hyaline papilla peak or proximal side (0); inside or distal side (1) 0.059 0.941 0.385

Lobule size reduced (<1/4) (0); developed (≥1/4) (1) 0.083 0.917 0.389

Stylus size 1-2 cells (0); more than 3 cells (1) 0.167 0.833 0.167

Vitta lacking (0); present (1) 0.333 0.667 0.500

Dorsal papillae/mamillae lacking (0); present (1) 0.091 0.909 0.545

Branching Aphanolejeunea-type (0); Lejeunea-type (1) 0.500 0.500 0.500

Sigmoid cells lacking (0); present (1) 0.333 0.667 0.000

Hyaline cells lacking (0); present (1) 0.167 0.833 0.643

Sexuality monoecious (0); dioecious (1) 0.091 0.909 0.167

Asexual propagules lacking (0); present (1) 0.063 0.937 0.211

Gametophyte size stem length<1.0 mm (0); stem length ≥1.0 mm (1) 0.063 0.937 0.500
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accessions were nested in a well-resolved clade in BI (BPP P=
1.00, Fig. 1). Seven sub-clades were recognised based on the
criteria “inclusion of minimum four accessions and BBP P≥
0.95 (Fig. 1)”.

Our results supported the hypothesis of frequent homopla-
sy for the majority of the 12 characters investigated (Fig. 1;
Table 1). Six characters (position of the hyaline papilla, lobule
size, dorsal papillae/mamillae, sexuality, asexual propagules
and gametophyte size) had a HI>0.90, and two (stylus size,
hyaline cells) had a HI>0.80. Only two characters (number of
cortical cells, branching) showed a HI=0.50 and none<0.50.
The correlation of morphological character and phylogenetic
distance matrices showed similar trends for all three DNA
datasets (pDNA, nrITS and the combined dataset). Significant
correlation of morphological disparity and phylogeny (P≤
0.05, Table 2) was recovered for the whole genus both in the
combined and the nrDNA datasets for both phylogenetic
distance matrixes but not for the pDNA data set. At the clade
level, only AB showed significant correlation in both phylo-
genetic distance measures, whereas AA reached a significant
level of correlation only in the Patristic distances. All other
subclades did not show significant correlations between mor-
phological disparity and phylogenetic relatedness (Table 2).
This result was consistent with the conclusions of visualised
regression analyses (see Fig. 2).

The Mantel test did not provide evidence for a relationship
between morphological disparity and epiphytism (R=–0.085,
P=0.997). However, the Pearson’s coefficient analyses sup-
ported a positive relationship between gametophyte size and
epiphytism, and a negative relationship between vitta and
epiphytism as well as dorsal papillae/mamillae and epiphyt-
ism (Table 3). The D metric of Fritz and Purvis’s test recov-
ered D values of –1.582 to 0.633 for the 12 morphological
characters (Table 4). Only one character “branching” showed
a D value<–1.0 and none showed a value>1.0. Based on RPS
(D=1<0.05) and BPS (D=0<0.05), only one character
(branching) fitted better to the random model, whereas eight
characters fitted better to the Brownian model. Three charac-
ters (stylus size, sigmoid cells, sexuality) fit equally well with
the random model and the Brownian model.

Discussion

Focus on characters

The extended taxon sampling and more exhaustive inference
of character evolution confirmed previous reports on rampant
morphological homoplasy in Cololejeunea (Yu et al. 2013a).
Comparative studies are available for various groups of land
plants (Donoghue and Ree 2000; Ranker et al. 2004; Bortiri
et al. 2006; Dong et al. 2012; Roncal et al. 2012) and animals
(Carrano 2000; Mueller et al. 2004; Douglas et al. 2005). The

occurrence of frequent homoplasy is considered to be of
taxonomic importance, as this phenomenon is without doubt
one of the main contributors to the instability of generic
concepts. Examples include grammitid ferns (Ranker et al.
2004) and pleurocarpous mosses (Vanderpoorten et al. 2002).
However, not all of the 12 investigated morphological char-
acters showed the same frequency of homoplasy. Two char-
acters had a HI value of 0.5 whereas six had a HI value>0.9.
One out of two characters with HI=0.5 showed a D-value<–
1.0. This observation indicates that the character “branching”
is phylogenetically conserved. Thus, the change in branching
pattern is less frequent than expected under a Brownian mo-
tion model. In turn, this character may be of diagnostic value
in taxonomic treatments. Among the characters with HI>0.9,
one fitted better with RPS than with BPS, and one fitted
equally with BPS and RPS (see Table 4). Some correlations
between these measurements are expected and thus these
results are not surprising. However, the correlation is not
always tight (Tables 1, 4). For example, the two characters
with HI=0.5 show rather different D-values with D=–1.58
and D=–0.49. HI values are known to be influenced by the
number of taxa considered (Hauser and Boyajian 1997)
whereas this is not expected to be the case for the D-
measure (Fritz and Purvis 2010). This may explain the recov-
ered differences. In summary, the comparison of individual
characters recovered a general trend including HI>>0.50, D>
1.0 and<1.0 with RPS rejected as the preferred mechanism.

Focus on lineages

A similar contrasting pattern was found with focus on the
distribution of phylogenetic signals and homoplasy among
clades. Evidence for some correlations was revealed as aver-
aging over all characters indicating that some phylogenetic
signal was provided by the morphological matrix (Tables 1,
2). Significant regression values were found for the whole
genus and the two clades AA and AB but not for the other
clades. This is unlikely only an effect of the number of taxa
sampled per clade because clade C was sampled with 15,
clade AA with 12, clade B with 10 and clade AB with 9
accessions. However, the clade AB has significant correlation
of phylogeny and character evolution in both patristic and
Hamming distances. Clade Cwas insignificant in both, where-
as clade AAwas significant only in patristic distances. Some
differences of correlations were also found between pDNA
and nrDNA. These differences are likely caused by the lower
number of variable sites in the inferred plastid DNA region.

Considering the two-dimensional morphospace projection
(Fig. 3), clades AA, AB, and C display more disparity among
species than most other clades, in particular clades B, D, E,
and F. Within the particular ranges, some clades show clusters
of species with highly similar morphology in the projection
whereas other species are very distinct. Sampling size may be
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partly responsible for the observed difference as clades with
the lowest range of disparity among their species were nearly
always represented with less than ten species (ca. 14% species
diversity investigated). However, this may not explain the
recovered pattern completely. Clades AB and B show distinct
differences in their disparity despite rather similar sampling
size. Thus, the morphological disparity and species diversity
are not consistent in these clades.

Another notable aspect is the strong overlap among nearly
all clades. Each clade contributes at least one species in a core
area located along the x-axis –0.29 to 0.03 and y-axis 0.29 to
0.03. Only clade F contains nearly exclusively species occur-
ring in this range. These results may be caused either by
shared ancestral character states or by homoplasy. The first
explanation assumes similar combinations of character states
at the ancestral nodes of each clade but this is not supported in
the distribution of characters (Fig. 1). This explanation is also
inconsistent with the measurements of the phylogenetic signal
of each character (Table 4). Instead, frequent homoplasy ap-
pears to be the most consistent explanation given the distribu-
tion of character states in the phylogeny (Fig. 1), the recovered
level of homoplasy (Table 1) and the phylogenetic informa-
tiveness measurements (Table 4). These results support the
hypothesis of a decoupled assembly of species diversity and
morphological disparity.

Homoplasy and epiphytism

It has been argued that homoplasy can be caused by adaptation
to similar ecological conditions (Wake et al. 2011). Ephemeral
habitats may provide an ample selection—as either a stabiliz-
ing or disruptive selection—that may cause strong phyloge-
netic conservatism of characters states correlated with habitat
preferences (Losos 2011). In such a model, transformation of
character states is correlated with the colonisation of new
environments. Given the preference of Cololejeuna to grow
either epiphytic or epiphyllous, we tested if the morphological

variation is correlated with growth preferences. Mantel tests
reject such a correlation for all characters, but Pearson’s coef-
ficient recovered a positive correlation only for gametophyte
size and a negative correlation for vitta and dorsal papillae/
mamillae. The remaining nine characters did not show any
significant correlations.

The characters expected to show positive or negative cor-
relations with epiphytism were not distinct in their HI-value
and D-value. For example, gametophyte size showing a pos-
itive correlation with epiphytism, has an HI=0.937, D-value
of 0.314, RPS=0.004, and BPS=0.209. In contrast, epiphytic
growth was not correlated (neither positive nor negative) with
the only character showing a D-value<1.0. A slightly more
informative scenario was obtained in the 2D morphospace
projection (Fig. 3). The centre of overlap among clades in
the morphospace was located in an area occupied by
epiphytic/epiphyllous species. However, some epiphytic spe-
cies were located outside of this compartment. These species
belong mainly to clade AA, AB, and C. Among the clades
with less than three species, the one comprising Cololejeunea
chiniiTixier andC. shmizuiN.Kitag., both with occurrence on
limestone (Kis and Pócs 2001), was located outside the
epiphytic/epiphyllous compartment. Interestingly, the clades
showing significant correlations of phylogeny and character
evolution (clade AA and AB, Table 2) comprise species that
were outside of the epiphytic compartment of the
morphospace.

These results may be interpreted as support for a scenario in
which epiphytic growth is linked to a particular compartment
of the morphospace explored in the evolution of Cololejeuna
(Fig. 3). Colonisation of the morphospace outside of this
compartment may coincide with changes in habitat prefer-
ences. Thus, character evolution and diversification may be
correlated. In the opposite scenario, the restricted
morphospace available to epiphytic/epiphyllous taxa results
in repeated establishment of the same character states (=
frequent homoplasy) and reduced phylogenetic signals

Table 2 The Mantel tests of
morphological and phylogenetic
distance matrices. The clades in
column 2 were defined in the
phylogeny shown in Fig. 1. The
CO clade represents the whole
Cololejeunea clade. pDNAPlastid
DNA, nDNA nuclear DNA; R the
observed correlation of the matri-
ces investigated; P P-value

* P<0.05; ** P<0.01; ***
P<0.001

Clades Clade size Patristic distance Hamming distance

pDNA CO 70 R=0.079, P=0.083 R=0.082, P=0.074

nrDNA CO 70 R=0.163, P=0.004 ** R=0.151, P=0.004**

pDNA+nrDNA

CO 70 R=0.130, P=0.019* R=0.138, P=0.018*

AA 12 R=0.334, P=0.009** R=0.244, P=0.084

AB 9 R=0.623, P=0.004** R=0.615, P<0.001***

B 10 R=0.287, P=0.112 R=0.280, P=0.108

C 15 R=–0.175, P=0.912 R=–0.178, P=0.908

D 4 R=0.072, P=0.684 R=0.000, P=0.642

E 8 R=0.102, P=0.311 R=–0.155, P=0.802

F 5 R=0.552, P=0.112 R=0.450, P=0.134
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(Table 2). This scenario is consistent with the observation that
only one character showed a D value<–1.00 and most char-
acters fitted best to the character evolution model under
Brownian expectation (=Brownian phylogenetic structure).
The latter fits well with the assumption of an accumulation
of morphological disparity modifying the null model of
branching randomwalks (Pie andWeitz 2013) with restriction
to the accessible area. Thus, characters evolve gradually with-
in the limits of the well-definedmorphospace, which is limited
mainly by the environment. In summary, these results did not
provide arguments supporting a concordance of species diver-
sity and morphological disparity. In contrast, it suggests dis-
cordance as the result of restrictions of the morphospace

accessible to Cololejeunea species with particular habitat
preferences.

Limits of this study

This study enters many new aspects that were not explored so
far. Thus, the study was confronted with various challenges.
Several are obvious whereas others are hidden in the com-
plexities of such analyses. We discuss here the four obvious
issues first before we discuss the more subtle issues
concerning our analyses.

Firstly, obtaining a comprehensive sampling of the genus
Cololejeunea was a challenge because of the vast number of
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Fig. 2 Scatter-plot contrasting genotypic variation plotted as patristic
distance to the x-axis versus phenotypic variation plotted as morpholog-
ical characters distance to the y-axis based on the 12 traits studied. The
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Fig. 1

158 Y. Yu et al.



described taxa of uncertain status. The genus is still in urgent
need of a global revision despite current major efforts to
clarify the taxonomy of these plants (Benedix 1953;
Mizutani 1961, 1966; Tixier 1973, 1979, 1985; Thiers 1988;
Pócs and Piippo 1999, 2012; Zhu and So 2001; Pócs 2003,
2012). We suspect that the presented analyses are somewhat
sensitive to taxon sampling. Thus, we minimize the effect of
taxon sampling by focusing our efforts on taxa distinguished
in their morphology without concentrating on the odd species.

Secondly, here, we scored only 12 characters, which is no
doubt a rather small subset of the body plan of these taxa. We
also restrained the analyses to binary scoring although contin-
uous characters may be more powerful in the context of the
analyses performed. However, continuous characters provide
their own challenges with respect to data generation and
phylogenetic analyses. Binary characters are less prone to
erroneous observations. Intraspecific variation is a further
key-problem, which was minimised by selecting characters
reported to be highly conservative in the studied taxa. An
expansion of the character matrix is obviously the major
objective to future studies on this subject. Thirdly, the limited
information on the ecology of the studied species limits the
analytical power required to explore the influence of the
environment on the accumulation of disparity. For example,
some species grow in different habitats but most analyses
require scoring as either state 0 or state 1. In this case, we
tried to follow the majority principle, which is, however,
difficult to apply given the absence of exhaustive ecological
studies for nearly all of the studied species. Fourthly, we were
unable to explore aspects of developmental biology that may
restrict the accessible morphospace. Many authors have
stressed the potential role of developmental constraints in
the evolution of homoplasy (e.g. Losos 2011; Wake et al.
2011). We assume that developmental constraints may play
a similar role in the phenotypic evolution of Cololejeunea but

Table 3 Correlations of
morphological characters
and epiphytism based on
Pearson’s coefficient

* P<0.05

Correlations (× Epiphytism) Pearson’s
coefficient

Number of cortical cells –0.204

Position of the hyaline papilla –0.403

Lobule size –0.057

Stylus size –0.10

Vitta –0.330*

Dorsal papillae/mamillae –0.338*

Branching 0.108

Sigmoid cells 0.178

Hyaline cells 0.015

Sexuality 0.029

Asexual propagules 0.110

Gametophyte size 0.359*

Table 4 Phylogenetic signals of 12 characters estimated using Frits and
Purvis’s test. D is 1 if the distribution of the binary trait is random with
respect to phylogeny, and greater than 1 if the distribution of the trait is
more overdispersed than random expectation. D is 0 if the binary trait is
distributed as expected under the Brownian motion model of evolution,
and less than 0 if the binary trait is more phylogenetically conserved than
the Brownian expectation (Fritz and Purvis 2010). RPS Probability of
estimated D resulting from random (no) phylogenetic structure; BPS
probability of estimated D resulting from Brownian phylogenetic struc-
ture. D=1<0.05 and D=0<0.05 were considered as significant rejection
of the RPS and BPS respectively

Gametophyte characteristic D value RPS (D=1) BPS (D=0)

Number of cortical cells –0.494 0.042* 0.739

Position of the hyaline papilla –0.578 0.009* 0.743

Lobule size 0.248 0.002* 0.296

Stylus size 0.606 0.144 0.168

Vitta –0.037 0.028* 0.538

Dorsal papillae/mamillae –0.399 0.000* 0.846

Branching –1.582 0.001* 0.921

Sigmoid cells 0.328 0.118 0.444

Hyaline cells –0.862 0.000* 0.950

Sexuality 0.620 0.084 0.082

Asexual propagules 0.633 0.054 0.035*

Gametophyte size 0.314 0.004* 0.209

* P<0.05
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the absence of exhaustive developmental studies prevents
empirical inference. However, we are fully aware that adding
development studies is required to explore the influence of
intrinsic constraints on the evolution of disparity in these
liverworts.

The more subtle limitations are caused by the complexities
of the required analyses. Few studies attempted to explain the
evolution of homoplasy by testing proposed hypotheses. The
existing studies used rather different approaches accounting
for available data and research objectives (Fritz and Purvis
2010; Roncal et al. 2012). Given the available information, the
studied issue cannot be reduced to a single hypothesis that can
be rigorously tested. Thus, we approached the issue by
contacting a set of analyses designed to reveal different as-
pects of the evolutionary history. However, this approach
creates a need for integration of the answers obtained. To
achieve such integration, we used a two-dimensional
morphospace projection. Of course, this projection itself has
its challenges due to the reduction of a multidimensional space
to a two or three-dimensional projection.

Perspective

This study explored for the first time the evolution of mor-
phological characters in extant plants by using a combination
of statistical tests and morphospace projections. By doing so,
we recovered evidence supporting the hypothesis that ecolog-
ical preferences are correlated with morphological disparity in
cololejeuneoid liverworts. The recovered scenario indicates a
discordance of species diversity and morphological disparity
caused by restrictions of the accessible morphospace under a
given habitat preference. The presented study is a promising
first step towards a deeper understanding of evolutionary
limitations of morphologically conservative bryophytes with
a high frequency of morphological homoplasy and cryptic
speciation.
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