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Abstract

The most extensive combined phylogenetic analyses of the subclass Marchantiidae yet undertaken was conducted on the basis
of morphological and molecular data. The morphological data comprised 126 characters and 56 species. Taxonomic sampling
included 35 ingroup species with all genera and orders of Marchantiidae sampled, and 21 outgroup species with two genera of
Blasiidae (Marchantiopsida), 15 species of Jungermanniopsida (the three subclasses represented) and the three genera of
Haplomitriopsida. Takakia ceratophylla (Bryophyta) was employed to root the trees. Character sampling involved 92 gameto-
phytic and 34 sporophytic traits, supplemented with ten continuous characters. Molecular data included 11 molecular markers:
one nuclear ribosomal (26S), three mitochondrial genes (nadl, nad5, rps3) and seven chloroplast regions (atpB, psbT-psbH, rbcL,
ITS, rpoCl, rps4, psbA). Searches were performed under extended implied weighting, weighting the character blocks against the
average homoplasy. Clade stability was assessed across three additional weighting schemes (implied weighting corrected for miss-
ing entries, standard implied weighting and equal weighting) in three datasets (molecular, morphological and combined). The
contribution from different biological phases regarding node recovery and diagnosis was evaluated. Our results agree with many
of the previous studies but cast doubt on some relationships, mainly at the family and interfamily level. The combined analyses
underlined the fact that, by combining data, taxonomic enhancements could be achieved regarding taxon delimitation and qual-
ity of diagnosis. Support values for many clades of previous molecular studies were improved by the addition of morphological
data. The long-held assumption that morphology may render spurious or low-quality results in this taxonomic group is chal-
lenged. The morphological trends previously proposed are re-evaluated in light of the new phylogenetic scheme.

© The Willi Hennig Society 2017.

Introduction

Among embryophytes (land plants), liverworts
(Marchantiophyta) are recognized as the basal group
(Qiu et al., 1998; Nickrent et al., 2000; Karol et al.,
2001). The complex thalloid liverworts (Marchantiidae)
encompass about 345 species and 36 genera (Villarreal
et al., 2016) which are remarkably different from other
embryophytes. Complex thalloid liverworts are charac-
terized by a combination of both plesiomorphic charac-
ters and novelties in their structure. On the one hand,
several of these morphological features, such as a
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haplodiploid life cycle and the absence of vascular tis-
sue, are widespread among bryophytes. On the other,
highly specialized fertile branches (gametangiophores),
internal schizogenous air chambers and pegged rhizoids
are traits exclusive to the complex thalloid liverworts
(Schuster, 1984a,b; Bischler, 1998; Crandall-Stotler and
Stotler, 2000). Given their position within embryophytes
and the morphological peculiarities, Marchantiidae
stand as crucial taxa to disentangle the evolutionary his-
tory of land plants.

The first classifications within Marchantiidae, based
on phylogenetic systematic principles, were presented
based on morphological data. However, the subsequent
classifications relied exclusively on molecular data. The
most comprehensive morphological phylogeny (Bischler,
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1998) supported the distinction of a basal Ricciineae and
a derived group comprising Corsiineae + Targioniineae
+ Marchantiineae. One of the few combined analyses
was published by Boisselier-Dubayle et al. (2002) and
included 27 out of 35 genera of Marchantiidae. The
combined trees obtained in that study rendered a com-
pletely different pattern of relationships from that pub-
lished by Bischler (1998). Subsequent molecular analyses
largely agree with the relationships obtained by Boisse-
lier-Dubayle et al. (2002), except in the relationships
among morphologically simple families (Wheeler, 2000;
Crandall-Stotler et al., 2005; Forrest et al., 2006; He-
Nygrén et al., 2006).

Boisselier-Dubayle et al. (2002) analysed the conflict
between morphological data and molecular data, show-
ing that both sources of evidence produced very different
trees, but also that support values could be improved by
concatenating different data types. Crandall-Stotler
et al. (2005) reported a high degree of homoplasy within
morphological data. Nevertheless, they were able to find
synapomorphies for most of the nodes. Subsequently,
many diagnoses were modified and several more diag-
nostic characters were found to define higher taxonomic
groups (e.g. lenticular apical cell for Metzgeriidae; Cran-
dall-Stotler et al., 2009) than in previous classifications.
Contrasting with Boisselier-Dubayle et al. (2002) and
Crandall-Stotler et al. (2005), He-Nygrén et al. (2006)
did not carry out an explicit survey on character conflict.
Even so, they performed the most extensive combined
analysis in terms of morphological data inclusion. In
addition, the results obtained by He-Nygrén et al. (2006)
displayed no significant differences when different opti-
mality criteria were considered. Although He-Nygrén
et al.’s study was the first attempt to reach a reliable
diagnosed classification, Marchantiidae taxonomic sam-
pling included only 13 genera (37% of the accepted gen-
era in the subclass).

The current accepted classification (Crandall-Stotler
et al., 2009) was achieved as a result of several multi-
locus phylogenies produced during the last decade.
Compared to the previous morphology-based classifi-
cation, several taxonomic categories were omitted. In
addition, many genera of Marchantiidae were re-
located in completely different categories (e.g. Mono-
carpus D.J. Carr (Forrest et al., 2015) or Neohodgsonia
(Perss.) Perss. (Crandall-Stotler et al., 2009)). As Cran-
dall-Stotler et al. (2009) pointed out, diagnosing these
unexpected groups—from the morphological point of
view—represented a real challenge.

Despite the advances in the morphological knowl-
edge of Marchantiidae accomplished in the last decade
(e.g. Duckett et al., 2014), there was no attempt to
include this new information into quantitative phylo-
genetic analyses. Although recently performed phylo-
genies sampled a considerable number of molecular
markers (Forrest et al., 2006, 2015; Villarreal et al.,

2016), support values for several nodes were still low.
On the one hand, some taxonomic changes have been
recently proposed based upon these clades with low
support (Long et al.,, 2016a,b). For example, given
that the genera Exormotheca Mitt. and Stephensoniella
Kashyap were found to be the sister taxa of Cronisia
Berk., Exormothecaceae was merged with Corsiniaceae
(Long et al., 2016a). However, the node constituted by
Cronisia, Exormotheca and Stephensoniella lacked sig-
nificant support values (fig. 2 in Villarreal et al., 2016).
On the other hand, taxonomic proposals based on
nodes with high support were controversial from a
morphological perspective (Forrest et al., 2015; Long
et al., 2016b). Even if the average support at the fam-
ily level was high in recent molecular studies (Forrest
et al., 2006; Villarreal et al., 2016), deep nodes
remained ambiguous (Wheeler, 2000; Boisselier-
Dubayle et al., 2002; Forrest et al., 2006; Villarreal
et al.,, 2016). A large number of the inclusive nodes
within Marchantiales, the crown group of the subclass
(Crandall-Stotler et al., 2009), still had low support
values (Villarreal et al., 2016). In particular, derived
nodes (Ricciaceae, Oxymitraceae, Monocleaceae, etc.)
were hard to resolve even in combined analyses (Bois-
selier-Dubayle et al., 2002). Therefore, with few excep-
tions, interfamily relationships persisted as a
taxonomic challenge (Crandall-Stotler et al., 2009).
The strategies to overcome environmental stress and
their significance to bryophytes evolution were regular
issues of interest in previous studies (Bischler and
Jovet-Ast, 1981; Longton, 1988a; Hedderson and
Longton, 1996; Bischler, 1998). Bischler (1998) defined
four different groups based on different morphological
and ecological characteristics, postulating a strong cor-
respondence of those groups with morphological char-
acters and taxonomic/phylogenctic membership.
Similar morphologies were explained as consequences
of common ancestry rather than similar selective forces
(Bischler, 1998; Bischler et al., 2005). Concerning
mosses, Longton (1988b) stated that the basic life
strategy was being perennial, considering ephemeral
strategies as derived. In contrast, Bischler (1998) con-
sidered ephemeral life traits as ancestral for complex
thalloid liverworts. Although character mapping has
been considered to elucidate the evolutionary pattern
of some traditional characters (Villarreal et al., 2016),
Bischler’s hypothesis on the concerted evolution of
life-history traits has not been challenged analytically.
The recent modifications within the phylogeny of
Marchantiidae have involved both new scenarios of
evolutionary trends and changes in morphological
diagnosis of different clades within this group. Here
we present the results of the largest combined phyloge-
netic analysis in Marchantiidae in terms of taxon and
character sampling. This study allows the solving of
previous uncertainties in some nodes, updating group
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diagnoses and testing previous ideas about character
evolution. In addition, the contribution to and conflict
between morphological characters from the different
life phases were evaluated in depth.

Materials and methods
Taxonomic and morphological character sampling

Despite taxonomic changes having been recently
proposed for some groups, the main taxonomic
scheme followed throughout this study was that of
Crandall-Stotler et al. (2009). After Long et al. (2016a,
b), the genera Exormotheca and Aitchisoniella Kayshap
were considered members of Corsiniaceae and Cle-
veaceae, respectively. However, in order to test
recently proposed synonyms (Long et al., 2016a), the
following genera were scored as independent entities:
Stephensoniella and Exormotheca, and Preissia Corda,
Bucegia Radian and Marchantia L. In the combined
dataset, ingroup sampling consisted of 37 genera of
Marchantiopsida (35 genera of Marchantiidae plus
two genera of Blasiidae), which represented all of the
orders, families and genera within the class. Outgroups
included 15 species of Jungermanniopsida, with the
three major subclasses of this group being represented
(Jungermaniidae, Pelliidae and Metzgeriidae). In addi-
tion, the dataset included species from the three genera
of Haplomitriopsida. Takakia ceratophylla (Mitt.)
Grolle (Bryophyta) was employed to root the tree.
Five genera were absent in the morphological parti-
tion: Cavicularia Steph. (Blasiidae), Riella Mont.
(Marchantiidae), Apotreubia S. Hatt. & Mizut.
(Haplomitriopsida), Pleurozia Dumort and Pallavicinia
Gray (Jungermanniopsida). All but five species were
scored mainly from observed specimens: Athalamia
pinguis Falc., Austroriella salta J. Milne & Cargill,
Geothallus tuberosus Campb. (Marchantiidae), Pellia
epiphylla L. Corda and Lejeunea cavifolia (Ehrh.)
Lindb. (Jungermanniopsida). In total, the combined
dataset comprised 56 species; 20 more taxa than the
last combined analysis (Boisselier-Dubayle et al.,
2002). Taxa and vouchers are listed on Table 1.

The morphological dataset comprised 126 characters
from different sources. The present morphological
matrix was initially constructed by extending that of Bis-
chler (1998). Some characters scored at the phylum level
by Crandall-Stotler and Stotler (2000) were also
included. The original coding of nine of these “tradi-
tional” characters were modified (see Character Defini-
tion in the Supplementary material). Along with these
traits, 66 completely novel characters were incorporated.
Pegged rhizoids, for instance, were recently studied in
depth by Duckett et al. (2014). Most of these characters,
especially those that were now re-interpreted, were

included in a phylogenetic matrix for the first time. Simi-
larly, characters derived from spores have been studied
extensively in several taxa (Gupta and Udar, 1986) but
infrequently used for phylogenetic analyses within this
group; novel data from spores of Marchantiidae were
considered in this study. Features representing continu-
ous traits have seldom been considered in phylogenetic
analyses of bryophytes. In cases where this sort of infor-
mation was included, characters were commonly dis-
cretized losing valuable phylogenetic information
(Farris, 1990; Goloboff et al., 2006). In the present
study, 10 different variables were analysed as continuous
characters (Goloboff et al., 2006). In order to incorpo-
rate the morphological variation among populations, a
minimum of 10 specimens per species was examined.
The final range of variation for each character was estab-
lished as the mean value + standard deviation (SD).
Ninety-two characters were scored from the gameto-
phytic phase and 34 from the sporophyte. In conjunc-
tion, these included 12 cytological characters, nine
developmental features, 18 sexual traits and 87 macro-
scopic characters. The morphological dataset presented
4540 more cells than the most extensive morphological
dataset at the subclass level to date (1886 cells; Bischler,
1998). A detailed description of character, state defini-
tion and images can be found in the Supplementary
material. The final dataset is available at Morphobank
(Project: 2674; morphobank.org/permalink/?P2674).

Molecular data

The previous most comprehensive molecular sam-
pling was carried out by Villarreal et al. (2016). The
present study focused on extending outgroup sampling
and filling gaps within the former analysis. Therefore,
psbA and rbcL markers were sequenced for three spe-
cies (Plagiochila sp. (Dumort) Dumort; Radula voluta
Taylor ex Gottsche, Lindenb. & Nees and Riccia sp.
L.). Amplifications were carried out at the Real Jardin
Botdnico de Madrid (Spain) following the conditions
described by Forrest and Crandall-Stotler (2004; pri-
mers described in Table S1). Sequencing was conducted
by Macrogen Inc. (Seoul). Sequences by Villarreal et al.
(2016) were downloaded from GenBank. Nucleotides
were aligned with MAFFT (Katoh and Toh, 2008)
using default penalty settings. Ambiguously aligned
positions were excluded from the analysis. Data were
compiled using GB2TNT (Goloboff and Catalano,
2012), a pipeline to build molecular datasets from Gen-
Bank.

Phylogenetic analyses, constrained searches and
topology comparisons

Although molecular data are commonly analysed by
following model-based methods, the study of
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morphology has been based largely on parsimony. In
contrast with molecular data, the use of probabilistic
models to evaluate morphology has continually led to
undesirable results (Goloboff and Pol, 2005; Beck and
Lee, 2014; Goloboff et al., 2017). For instance, Mk
models have recently been shown to be particularly
sensitive to the high heterogeneity rate present in mor-
phological datasets, resulting in spurious groupings
and imprecise dating (Steiper and Seiffert, 2012; Beck
and Lee, 2014). These outcomes still generate a great
reluctance amongst many authors to adopt models as
a mean to analyse morphological data. Weighted par-
simony, however, has been shown to improve the anal-
ysis of morphological data (Goloboff et al., 2008a,b)
and has acquired a key role in combined phylogenetic
analyses (e.g. Mirande, 2017). As the principal premise
of this paper is to achieve a phylogenetic hypothesis
based on a total-evidence approach, searches were per-
formed under weighted parsimony as the optimality
criterion.

Therefore, the main systematic and taxonomic con-
clusions of the present study are derived from the
analysis of the combined dataset under extended
implied weighing, weighting blocks in accordance to
their average homoplasy (Goloboff, 2014). The
blocks represented each gene and the morphological
dataset.

Group sensitivity and searches. In order to assess
group stability, searches were conducted across several
weighting schemes for individual partitions and the
combined dataset. In addition to the searches under
block weighting (BW), an alternative search strategy
involved weighting each character according to its
homoplasy but taking into account the proportion of
missing entries (IWy). In IWy, each missing entry
was assumed to have half of the homoplasy of the
observed entries (P = 0.5). In searches under both
IWy\ and BW, the TNT default concavity value was
used (K = 3; K3). Three concavity values for standard
implied weighting were also explored (K3, K5 and K7,
Goloboff, 1993). Finally, the data also were analysed
under equal weighting (EqQW). All weighting settings
were applied to the individual partitions and the
combined data (except BW in the case of the
morphological dataset). Hence, a total of 17 different
analyses were conducted (six for combined data, six
for the molecular dataset and five for morphological
dataset). In all cases, analyses were carried out in
TNT 1.5 (Goloboff et al.,, 2008a,b; Goloboff and
Catalano, 2016) with new technology searches using 10
RAS as starting point. For each replicate, 10 iterations
of Ratchet (Nixon, 1999) and Tree Drifting (Goloboff,
1999) were performed, ending the search when after
the best score was hit seven times. Support values were
estimated by Symmetric Resampling (SR) considering

the difference between the most frequent group and
the most frequent contradictory group (GC; Goloboff
et al., 2003). Additional estimates of support
(Bootstrapping and Bremer) were also calculated and
are available in Fig. S1.

Topological comparisons. In order to assess the
contribution of each source of information to the final
result, the topologies recovered from different data
types were compared in terms of (i) SPR (subtree
pruning and regrafting) distance (Goloboff, 2008) and
(i) number of shared nodes. As a single SPR
rearrangement may involve a movement of a few or
several nodes, each movement was weighted by a
constant value of 5 (Goloboff, 2008). The
morphological trees obtained under each weighting
condition were compared to all the molecular trees. In
turn, the molecular trees were compared to the
combined tree. The number of SPR moves and the
number of shared nodes were also calculated for
the morphological trees obtained by Bischler (1998) and
Boisselier-Dubayle et al. (2002). In addition, the same
comparison was performed to discern the relative
contribution of gametophyte and sporophyte characters.
To compare our morphological tree with Bischler (1998)
and Boisselier-Dubayle et al. (2002) trees, evaluations
involved two different trees as reference: (a) our
molecular tree obtained under BW and (b) Villarreal
et al.’s (2016) molecular tree. Regarding our two sets of
morphological characters, comparisons only used our
molecular tree as reference.

Constrained searches. In order to quantify the
suboptimality of the groups not retrieved in the best
trees, constrained searches were carried out in the
combined data under BW. Understanding
suboptimality in terms of fit (F) is hardly intuitive.
Therefore, the fit difference between the constrained
and the unconstrained trees was translated into the
number of mean homoplastic characters with an extra
step required to explain the suboptimal tree (X i;
Carrizo and Catalano, 2015). The estimation of
character with mean homoplasy (¥ was obtained as the
tree length divided by the number of characters.
The ratio between the topology fit differences
(Funconstraineda Fconstrained) and mean character fit
differences (¥, X4;) allowed suboptimality to be
conceived in terms of the number of Xx.;
[(Funconstrained - Fconstrained)/(FX - F,Frl) ]

Character reconstruction, synapomorphies and diagnosis

Group diagnoses were determined by mapping mor-
phological characters onto the combined tree obtained
under BW. In addition, the role of different sets of
characters to diagnose specific clades was addressed.
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Because sporophytic characters have commonly been
viewed as having no taxonomic information at lower
levels (Schuster, 1984a,b; Crandall-Stotler and Stotler,
2000; Crandall-Stotler et al., 2009), special attention
was paid to those characters. In particular, the propor-
tion of synapomorphies derived from sporophytic
characters was quantified for each node. To assess
whether sporophytic characters diagnose taxonomic
groups below the class level, the number of sporo-
phytic synapomorphies per taxonomic category was
also measured.

Phylogenetic searches, sensitivity assessment and diag-
nosis evaluation were implemented in scripts using TNT
macro language. These are available upon request.

Life history patterns and taxonomic membership

Bischler (1998) hypothesized that life-history traits
were phylogenetically correlated in Marchantiidae and,
consequently, morphological similarity was caused by
common ancestry. In order to test these hypotheses in
light of the new data, the four patterns found by Bis-
chler (named Groups I-1V) and the putative associated
characters were mapped onto the final tree. Given their
relevance in liverwort biology (Bischler et al., 2005),
four features were optimized: branch length, number of
spores per capsule, spore size and capsule dehiscence.
Branch length and spore size were scored as continuous
characters; capsule dehiscence was scored as a binary
character (cleistocarpous/noncleistocarpous). The number
of spores per capsule was scored as a multistate charac-
ter: less than 500 spores (0), more or equal to 1000 and
less than 10000 (1) and more than 10000 spores (2).

Results
Combined Tree under BW and Constrained Searches

The combined dataset analysed under extended
implied weighting (BW) produced a single fully
resolved tree (Fig. 1). It was largely congruent with
recent phylogenetic analyses (Forrest et al., 2015; Long
et al., 2016a,b).

The major groups (Haplomitriopsida, Jungerman-
niopsida and Marchantiopsida) were recovered as mono-
phyletic with high support values (=100; Fig. 1), as well
as the sister relationship among the four orders within
Marchantiidae. Some of these nodes had already been
found in previous studies but have remained without a
formal recognition (Crandall-Stotler et al., 2009; Forrest
et al., 2015). To facilitate descriptions, some of these
nodes are referred to as clades A—F. Clade A was ren-
dered as the association between the genus Monocarpus
and the order Sphaerocarpales (Sphaerocarpus, Geothal-
lus, Austroriella and Riella) with strong evidence (SR 98,

Fig. 1); the monophyly of Sphaerocarpales s.s. received
more moderate support (SR 72). As in recent molecular
phylogenies (Forrest et al., 2015; Villarreal et al., 2016),
the previous definition of Marchantiales was not sup-
ported. Clade B was established upon the node consti-
tuted by Lunularia (Lunulariales) and the remaining
genera of Marchantiales expect Monocarpus. This clade
with a moderate (to high) support value (SR 88), was
recovered as the sister group to Clade A.

Mid-level nodes within Clade B were recovered in
most cases with low support. The node F (Riccia +
Ricciocarpos + Oxymitra) + E (Monoclea + Cono-
cephalum) was the sister clade to the monophyletic
Aytoniaceae (Asterella + Cryptomitrium + Mannia +
Plagiochasma + Reboulia). The poorly supported clade
Monosolenium + Cyathodium was related to the highly
supported Clade D (Exormotheca + Aitchisoniella +
Stephensoniella + Corsinia + Cronisia). Clade C (Wies-
nerella + Targionia) was sister to both the remaining
morphologically simple groups and Aytoniaceae
(Fig. 1). In contrast, the less inclusive nodes between
families tended to be well supported. Clades C, D, F
and E received support values from 82 to 100 (Fig. 1).

At the family level, Cleveaceae and Corsiniaceae (Long
et al., 2016a) were both nonmonophyletic because Aitch-
isoniella was nested within the latter group. The genera
Cronisia and Corsinia formed a moderately supported
clade (SR 76; Fig. 1) with Exormotheca as their sister
taxa (SR 64; Fig. 1). Stephensoniella constituted a highly
supported clade with Aitchisoniella (SR 100; Fig. 1). The
clade formed by Sauteria, Clevea, Peltolepis and Athala-
mia was also highly supported (SR 100; Fig. 1). The
other nonmonotypic families were retrieved as mono-
phyletic with general high support.

Phylogenetic searches forcing the monophyly of
groups absent from the best trees led to widely differ-
ent suboptimality values depending on the considered
taxa. On the one hand, ingroup families were highly
suboptimal regarding the BW combined tree. The
monophyly of Corsiniaceae entailed a difference of
167.1 mean homoplastic characters gaining a further
step. As for Cleveaceae, its monophyly involved 172.2
mean characters gaining an extra step. Comparatively,
outgroup taxonomic groups implied less than one step
in a character with mean homoplasy (0.2-0.6). There-
fore, there was no evidence to discard the monophy-
letic status of outgroup taxa whereas the monophyly
of the ingroup families was considerably questioned.

Partitioned analyses

Molecular dataset.  The strict consensus of the
molecular trees recovered across the entire analytical
conditions had 34 nodes (out of 54; Fig. 2).
Molecular trees recovered Jungermanniopsida and
Marchantiopsida as monophyletic. Inside
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Haplomitriopsida

Jungertmanniopsida

Blasiidae

Marchantiidae

Reference

BW_MOL | DW_MOL [EqQW._| MO K5_MOL | K7_MOL

‘DW_MOR qWMD K5_MOR

Corsiniaceae (sensu Long et al., 2016a)

Cleveaceae (sensu Long et al., 2016b)

N

Marchantiales
(sensu Crandall-stotler et al., 2009)

(a) ()]

(a) Combined tree under extended implied weighting (Block weighting). Symmetric Resampling values are indicated above branches (only

> 50 values are shown; see additional support measures in the Fig. SI in the Supplementary material). Sensitivity plots for ingroup nodes mono-
phyly are shown below branches. (b) Sensitivity plots for Cleveaceae, Corsiniaceae and Marchantiales [as defined by Long et al. (2016a,b) and
Crandall-Stotler et al. (2009)], two groups that were not monophyletic in the combined analysis under block weighting. Sensitivity plot reference:
coloured squares represents monophyly. C = combined data, MOL = molecular data, MOR = morphological data. Extended implied weighting
settings: block weighting (BW) and character weighted considering their homoplasy and number of missing entries (IWM). K3, K5 and K7 are
concavities values explored under standard implied weighting. EqQW refers to equal weighting. [Colour figure can be viewed at wileyonlinelibrary.

com].
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Fig. 2. Strict consensus of the molecular (left) and morphological trees (right) obtained under the different weighting schemes. [Colour figure

can be viewed at wileyonlinelibrary.com].

Marchantiopsida, relationships were poorly resolved.
The association between the orders Lunulariales or
Neohodgsoniales, and the remaining orders was
unresolved. The family Marchantiaceae was sister to the
remaining Marchantiales. The rest of the families within
Marchantiales were placed in a nine-way polytomy.
Clades with high support values in the combined tree
under BW were also recovered in the analysis of the
molecular partition. The genera Aitchisoniella and

Stephensoniella  were sister taxa within a clade
constituted by the remaining genera of Corsiniaceae.
Cleveaceae was not recovered as monophyletic. Searches
under BW concluded in a single fully resolved tree,
highly similar to the combined tree (see below under
Relative data contribution).

The strict consensus of the
obtained across the entire

Morphological dataset.
morphological trees
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analytical conditions had 29 nodes (out of 49; Fig. 2).
The order Marchantiales (in the sense of Crandall-
Stotler et al., 2009) was not recovered as
monophyletic. Monoclea was found to be closely
related to Sphaerocarpales and Lunularia was nested
within Marchantiales. Monocarpus was the sister taxon
of the remaining Marchantiales. Neohodgsonia was not
recovered inside Marchantiaceae. The rest of the taxa
were placed within a 16-way polytomy. The genus
Aitchisoniella was not grouped with the rest of the
family Cleveaceae although its association with other
families was unclear. The other members of
Cleveaceae did not constitute a monophyletic group.
Corsiniaceae was also nonmonophyletic. The genera
Exormotheca and Stephensoniella were sister taxa
whereas Corsinia + Cronisia were related to Ricciaceae
and Oxymitraceae. Searches under standard implied
weighting (K7) led to a single fully resolved tree which
maximized congruence with both the combined data
and the molecular data (see below under Relative data
contribution).

Sensitivity analysis

About two-thirds of the ingroup clades (22 of 36)
were not affected by different weighting schemes
(Fig. 1). Although it was not a strict pattern, clades
with high support values tended to be less sensitive to
parameter variation. Unsupported nodes (SR < 50)
were nonmonophyletic in 11 to 15 weighting schemes.
Weakly to moderately supported clades (SR 50-90)
were not monophyletic in two to seven weighting
schemes. Highly supported groups (SR > 90) were not
monophyletic in five weighting conditions or less. Two
exceptions to this pattern were Sphaerocarpales (SR
72) and Oxymitraceae + Ricciaceac (SR 100), which
were nonmonophyletic in nine analytical conditions.
The genus Exormotheca behaved as a wildcard taxon,
alternating its position with members of Corsiniaceae.
The most inclusive nodes within Marchantiales (i.e.
excluding Marchantiaceae and Dumortieraceae) were
extremely sensitive. Moreover, such nodes were only
recovered in two analytical conditions (molecular and
combined data under BW; SR < 50). However,
lower level clades within Marchantiales were recovered
under different weighting schemes. The clades
Monocleaceae + Conocephalaceae, Exormothecaceae +
Corsiniaceae and Monosoleniaceae + Cyathodiaceae
were markedly stable (10 to 12 schemes). The genus
Aitchisoniella constituted a stable clade with Stephen-
soniella in 12 weighting schemes.

Nodes of the morphological trees were more sensi-
tive to parameter variation than molecular trees (sensi-
tivity plots in Fig. 1). Five families, and relationships
inside them, were resolved by the morphological data
(Ricciaceae, Aytoniaceae, Corsiniaceae, Cleveaceae

and Marchantiaceae). Taxa relationships inside Sphae-
rocarpales were considerably more stable in the molec-
ular data.

Relative data type contribution

Trees derived from molecular data were highly simi-
lar to the BW combined tree. In particular, the BW
molecular tree was the most similar to the BW com-
bined cladogram (1.2 SPR; Fig. 3). The molecular tree
obtained under BW also shared 48 nodes with the
combined tree. Among morphological trees, the tree
obtained considering a concavity value of seven (K7)
was the most similar to the BW molecular tree (8.1
SPR moves and 17 shared nodes).

Regardless of the reference tree (our BW molecular
tree or Villarreal et al.’s (2016) tree), the comparisons
between the K7 morphological tree and Bischler
(1998) and Boisselier-Dubayle et al. (2002) trees
yielded lower SPR values for our morphological tree
(Table 2). Bischler’s (1998) morphological tree
involved 9.1 and 9.2 SPR moves to the BW molecular
tree and Villarreal et al.’s (2016) tree, respectively.
Boisselier-Dubayle et al.’s (2002) tree entailed 9.5 SPR
moves to the BW molecular tree and 10.7 SPR moves
to Villarreal et al.’s (2016) tree.

In terms of shared nodes, values varied depending
on the reference tree (Table 2). The number of shared
nodes was slightly higher for Bischler’s tree when our
BW molecular tree was used as reference (18 shared
nodes for Bischler’s tree; 17 shared nodes for the K7
tree and Boisselier-Dubayle et al.’s tree). In contrast,
the number of shared nodes was higher for the K7
morphological tree when Villarreal et al.’s tree was
used as reference (18 shared nodes for our K7 tree; 17
shared nodes for Bischler’s and Boisselier-Dubayle
et al.’s trees).

The gametophyte tree was more similar to the BW
molecular tree than the sporophyte tree. In terms of
shared nodes, the single gametophytic tree had 15
common nodes with the molecular tree and an SPR
distance of 8.38 weighted movements (Fig. 4). The
analysis including only sporophytic characters pro-
duced 100 optimal trees which shared eight nodes with
the molecular tree and had an average SPR distance
of 12.8 weighted movements.

Conflict and contribution of data sources were
also reflected in the support values. Despite the wide
differences among molecular trees and morphological
trees, average support values were improved in the
combined analysis in comparison with the molecular-
only analysis. In particular, five clades of the
ingroup had higher support values (Figs 2 and 4).
The mean SR support value was 70 for the BW
combined tree, whereas it was 65.7 for the BW
molecular topology.
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Fig. 3. Molecular tree under extended implied weighting (Block weighting) and morphological tree under implied weighting (K = 7) which max-
imised similarity among data types. Weighted SPR movements to the reference tree and shared nodes are indicated below each topology. [Colour

figure can be viewed at wileyonlinelibrary.com].

Synapomorphy mapping and diagnosis assessment

Mapping morphological characters on the com-
bined tree allowed determination of synapomorphies
for 26 out of 35 ingroup nodes. The class Marchan-
tiopsida and seven high-level clades inside it had high
to moderate support values and morphological apo-
morphic characters (Fig. 5; Table 3). Marchantiopsida
and Marchantiidae were both supported by nine

synapomorphies whereas node B had 10 synapomor-
phic characters (being diagnosed for the first time).
Clade F was supported by seven synapomorphies;
two continuous characters and five discrete charac-
ters. The Clade E was supported by a single spore
trait, germ tube absent. Two characters were diagnos-
tic for Clade D. Three characters were synapomor-
phies for both clades C and A. Descriptions of these
specific groups are in Table 3, a detailed list of
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Table 2
Comparison among different morphology-based trees (our morphological tree obtained under implied weighting, and Bischler’s and Boisselier-
Dubayle et al.’s trees). The tree obtained in the present study under K7 implied weighting maximized similarity with reference trees in three out

of four cases (bold). Bischler’s tree maximized the number of shared nodes with the BW molecular tree (bold)

SPR moves to the
BW molecular tree

SPR moves to
Villarreal et al.’s tree

Shared nodes with the
BW molecular tree

Shared nodes with
Villarreal et al.’s tree

K7 morphological tree 8.1 7.8
Bischler’s morphological tree 9.1 9.2
Boisselier-Dubayle et al.’s 9.5 10.7

morphological tree

17 18
18 17
17 17

BW, block weighting; SPR, subtree pruning and regrafting.
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Table 3

Synapomorphies for mid- and high-level groups within Marchantiidae and Marchantiopsida

Clade name Taxa included Character number: synapomorphies
F Ricciaceae [Riccia + Ricciocarpos)+ 2: ratio apex width/base width: 1.1-1.5 -> 1.8-2.2
Oxymitraceae [Oxymitra] 3: pegged rhizoids/smooth rhizoids rate: 0.6-1.0 -> 0.35-0.45
108: capsule dehiscence: irregular -> cleistocarpous
111: elaters: present -> absent
53: perigonia position: embedded in receptacles -> in anacrogynous
clusters
95: embryo ontogeny: foot and seta from hypobasal cell ->
sporangium from all of it
69: antheridia stalk anatomy: four or more seriate -> uniseriate
E Monocleaceae [Monoclea) + 125: germ tube: present -> absent
Conocephalaceae [Conocephalum)
C Wiesnerellaceae [Wiesnerella] + 2: ratio apex width/base width: 1.0-1.1 -> 0.7-0.9
Targioniaceae [Targionia) 7: diameter pegged rhizoids/smooth rhizoids: 0.7 -> 0.76-0.77
105: capsule internal wall thickenings: annular -> semi-annular
D Corsiniaceae [Cronisia + Corsinia) + 53: perigonia position: embedded in receptacles -> in anacrogynous

Exormothecaceae [Exormotheca +
Aitchisoniella + Stephensoniella)
A Monocarpaceae [Monocarpus] +
Sphaerocarpales [Sphaerocarpus +
Austroriella + Riella + Geothallus)
Marchantiopsida Blasiidae [Blasia + Cavicularia) +
Marchantiidae [Neohodgsoniales +
Sphaerocarpales + Lunulariales +
Marchantiales]

Marchantiidae Sphaerocarpales(including Monocarpus)
+ Lunulariales + Marchantiales +

Neohodgsoniales

B Lunulariales [Lunularia] + Marchantiales

clusters

27: drought tolerance: no -> yes

108: capsule dehiscence: into four valves -> cleistocarpous

111: elaters: present -> absent

120: spore, proximal gross morphology: as in distal face -> different
from distal face

17: phyllotaxi: one-third/one half -> none

34: ventral appendages: absent -> two rows

117: polarized spores: no -> yes

89: outer perichaetium: leaf-like scales -> marchantioid involucre

92: calyptra: shoot calyptra -> true calyptra

90: Position of involucre: none -> dorsal

75: spermatid spline aperture: 1-tubule aperture- > 3-tubule aperture
or more

77: spermatid, basal body dimorphism: no -> yes

82: spermatid, notch presence: no -> yes

104: capsule wall: multistratose -> unistratose

116: spore mother cell lobed: present -> absent

125: germ tube: absent -> present

11: protonema: globose -> flattened

28: air chambers: absent -> Marchantia type

60: archegoniophore, stalk anatomy: none -> homogeneous

62: female receptacle anatomy: none -> homogeneous

106: capsule wall thickenings: absent -> present

64: archegonia neck cells (CT): five-cells row -> six-cells row

9: female branch length: 0.4-0.5 -> 1.2

36: ventral appendage shape: acute -> lanceolate

43: rhizoids type: unicellular, smooth only -> unicellular, dimorphic

44: typed of pegged rhizoids: none -> slightly pegged rhizoids only

45: pegs: nonpegged -> blunt to pointed

47: pegged rhizoids, distribution throughout the plant: none-pegged -
> ventrally distributed

94: embryo type: filamentous -> octant

38: scales appendage number: without scales -> one

39: scales margin: no scales -> entire

42:appendage cell form: no scale -> hexagonal or pentagonal

synapomorphies for each node in the phylogeny is in
Table S2).

Within the entire phylogeny, continuous charac-
ters diagnosed 18 clades (16 within Marchantiop-
sida). Additionally, 18 clades were diagnosed by at
least one sporophytic feature. In ten out of these
18 nodes, 50% or more of the diagnostic traits
were derived from the sporophyte (Fig. 6; Fig. S2).

The distribution of this proportion per taxonomic
range was observed to be higher for orders than
for classes or subclasses. The inclusion of sporo-
phytic characters into the diagnosis at the interfam-
ily level was also considerably high. In fact, order
and interfamily nodes received the highest sporo-
phyte contribution in terms of synapomorphies
(Fig. 6; Fig. S2).
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Fig. 6. Percentage of synapomorphies per ontogenetic phase per taxonomic category. C = class; SC = subclass; O = order; F = family
and X = inter-family. Proportion of sporophytic synapomorphies mapped along the combined tree is included as Fig. S2 in the Supplementary

material.

Mapping life-history traits

None of the ecological groups defined by Bischler
(1998) had a single origin (Fig. 7). Group II was the
basal group along Marchantiidae, whereas groups III
and IV characterized distant nodes to Sphaerocarpales.
Group I was polyphyletic in three different clades
(Fig. 7). Capsule dehiscence was reconstructed with 13
steps; the cleistocarpous state diagnosed Sphaero-
carpales + Monocarpus, Oxymitraceae + Ricciaceae
and Corsinia + Cronisia. The optimization of the num-
ber of spores per capsule required nine steps. The con-
tinuous characters (spore size and branch length), had
1.5 and 2.15 steps each. Spore size was largest among
morphologically simple groups (Oxymitraceae + Ric-
ciaceae + Aytoniaceae + Conocephalaceae + Mono-
cleaceae), whereas smaller sizes were concentrated in
the basal clades. Conversely, gametophyte branch
length showed lower values in younger clades and
higher values among deep nodes. The number of
spores per capsule tended to be lower at distant groups
and in the basally placed group A (Fig. 7).

Discussion

In the current work, we present the results of the
largest combined analysis for the complex thalloid liv-
erworts. Novel sources of morphological information
were evaluated including continuous and structural
characters; features used in previous studies were re-
interpreted. The results obtained from the combined
data corroborate many of the recent proposals but
cast doubt on the monophyly of some families. The

relative contribution of different types of morphologi-
cal characters indicate that sporophytic characters pro-
vide considerable information for low taxonomic
levels. The exhaustive morphological character sam-
pling allows improvement of the analysis in terms of
data congruence, sheds light on phylogenetic relation-
ships among families, and improves the diagnoses of
high-level groups. The main taxonomic and systemat-
ics conclusions presented below are derived from the
combined tree under BW. A discussion on group sta-
bility and character contribution derives from the
results of the partitioned analyses.

Monophyly and stability of groups

Most of the deep relationships within the subclass
Marchantiidae are in agreement with previous studies
(Wheeler, 2000; Boisselier-Dubayle et al., 2002; Forrest
et al., 2006; Villarreal et al., 2016). The order
Marchantiales, as conceived by Crandall-Stotler et al.
(2009) or Bischler (1998), is not retrieved as mono-
phyletic in any of our analyses (Fig. 1). After finding a
close association between Monocarpus and Sphaero-
carpales, Forrest et al. (2015) and Villarreal et al.
(2016) rejected Marchantiales sensu Crandall-Stotler
et al. (2009), which agrees with our finding of a well-
diagnosed Clade A (Monocarpus + Sphaerocarpales;
Figs | and 5).

The present analyses recovered several interesting
groups above the family level (Figs 1 and 5). The ear-
lier removal of the genus Lunularia from Marchan-
tiales led to the proposal of the order Lunulariales
(Long, 2006; Crandall-Stotler et al., 2009). Relation-
ships among high-level taxa remained unresolved
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throughout different studies (Crandall-Stotler et al.,
2009), and thus the proposal of four different orders
within Marchantiidae seemed appropriate (Sphaero-
carpales, Neohodgsoniales, Lunulariales and Marchan-
tiales). However, Villarreal et al. (2016) found a close
association between Lunulariales and Marchantiales
(except Monocarpus). Our analyses recover the same
group, Clade B (Figs 1 and 5), which differs from
others definitions of Marchantiales (Bischler, 1998;
Crandall-Stotler and Stotler, 2000; Long, 2006; Cran-
dall-Stotler et al., 2009) in excluding Monocarpus and
including Lunularia (as Lunulariales). Although the
distinction of two different orders (Lunulariales and
Marchantiales) is not necessarily contradicted, it does
not seem to be completely suitable given the present
results. This is strengthened by the fact that the node
comprising Marchantiales (except Monocarpus) lacks
diagnostic characters and Lunularia only shows a low
number of autapomorphic changes (Fig S1 and
Table S2).

Many of the clades recovered at mid-taxonomic
levels by Villarreal et al. (2016; i.e. those which
grouped two families) are also found in the present
study. The Clade F (Riccia + Ricciocarpos + Oxymitra;
Fig 5) was formerly considered as an order (Crandall-
Stotler and Stotler, 2000) or suborder (Bischler, 1998).
This clade was previously recovered with high support
value (Villarreal et al., 2016), and our results agreed in
the three analyses (combined, molecular and morpho-
logical data; Fig. 1). The rest of the interfamilial
groups have not been recognized formally in modern
classifications. Clades E (Conocephalum + Monoclea)
and C (Wiesnerella + Targionia; Fig. 5) are both highly
supported and stable in the combined and molecular
data. Clade D (Stephensoniella + Aitchisoniella + Exor-
motheca + Corsinia + Cronisia) is exclusively recovered
by our combined and molecular data (Figs 1 and 5),
contradicting recent changes (see below).

The outcomes of the present study show discrepan-
cies with the recently made nomenclatural changes at
the family level and below (Long and Crandall-Stotler,
2016; Long et al., 2016a,b). The genus Aitchisoniella
was recently transferred to Cleveaceae (Long et al.,
2016b) on the basis of its sister relationship with the
remaining genera of the family (Villarreal et al., 2016).
In contrast to the results of Villarreal et al. (2016), the
position of Aitchisoniella within Cleveaceae is not sup-
ported by our data (Fig. 1; see Sensitivity plots). In
our analyses, on the one hand, Aitchisoniella was
resolved as sister to Stephensoniella with high support
(SR 100) and clearly nested in Corsiniaceae (Fig. 1;
Clade D in Fig. 5). Exormotheca, on the other hand,
was recovered as sister to Corsinia and Cronisia in the
analyses based on both the combined and molecular
data (Fig. 1). Morphology, nonetheless, produces puz-
zling results regarding Corsiniaceae. As in Villarreal

et al. (2016), morphological trees recovered Exormoth-
eca and Stephensoniella as sister taxa but these were
unrelated to the remaining Corsiniaceaec (Fig. 3).
Hence, the nomenclatural changes proposed to both
Cleveaceae and the genus Stephensoniella (Long et al.,
2016a,b) are not supported by the results of our analy-
ses. Instead, our results suggest that Corsiniaceae
should be reviewed to accommodate Aitchisoniella,
and that Stephensoniella and Exormotheca are actually
independent taxa.

The genera Corsinia and Cronisia were found to be
sister taxa by the first time in a combined analysis
(Fig. 1). Although this clade was resolved here with a
moderate support value, it was found in most of the
analytical conditions (13 out of 17); showing a high
stability (Fig. 1). The fact that Villarreal et al. (2016)
recovered a clade consisting of paraphyletic “tradi-
tional” families (Corsiniaceae and Exormothecaceae;
fig. 2 in Villarreal et al., 2016), led to a logical rear-
rangement of these groups (Long et al., 2016a.b).
Compared to previous studies (Boisselier-Dubayle
et al., 2002; Forrest et al., 2006; Villarreal et al.,
2016), the inclusion of extensive morphological data
turned over many relationships at the genus level.
Unlike Stephensoniella and Exormotheca (Villarreal
et al., 2016), the novel link between Cronisia and Cor-
sinia is supported by a large number of morphological
characters. In addition, both genera have few autapo-
morphic characters (Table S2). Altogether, this makes
Cronisia and Corsinia suitable taxa for being merged
under a single generic name.

As Crandall-Stotler et al. (2009) pointed out, trying
to solve the deep relationships inside Marchantiidae
has commonly challenged researchers. Our results
show Clade B (Marchantiales and Lunulariales; Fig. 5)
is an unstable clade in the molecular dataset and
absent in the morphological trees (sensitivity plots in
Fig. 1). By contrast, the Clade B showed up as a
stable group in the combined analysis. These outcomes
suggest that adding morphological data to molecular
datasets improves the stability of the clade regardless
of the overall incongruence between partitions. Addi-
tionally, Clade B received a higher support value when
morphological data was included. Similarly, support
values of other less-inclusive groups (Sphaerocarpales,
Ricciaceae and Corsiniaceae) were significantly
improved after the addition of morphology (Table S3).
These results highlight the fact that extensive morpho-
logical data can successfully capture similar patterns to
those obtained with molecular data. Even more, unsta-
ble or poorly supported results derived from molecular
data can be significantly improved after the addition
of morphology.

The differences in the results as compared with pre-
vious studies may be a consequence of both the addi-
tion of new data and the different methods employed
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to derive the phylogenetic hypotheses. It has been
pointed out that nodes with low support may be sensi-
tive to changes in analytical conditions (Giribet, 2003;
Miller and Hormiga, 2004). Under this reasoning, a
clade founded on scarce evidence could be unstable to
the addition of new conflicting characters. The differ-
ences between our results and previous phylogenies
focused mainly on Corsiniaceae and Cleveaceae. In
Villarreal et al.’s (2016) phylogeny, the groups Corsini-
aceae + Exormotheca and Exormotheca + Stephen-
soniella had low to moderate support (BS <50 and 79,
respectively). In our study, these taxa are highly unsta-
ble, especially Exormotheca (see sensitivity plots in
Fig. 1). Additionally, recent phylogenies were mostly
conducted under maximum-likelihood or Bayesian
analyses (Forrest et al., 2015; Villarreal et al., 2016),
but implied weighting was never used for analysing
data of this group. Thus, the differences in the results
might be at least partially attributed to the different
analytical methods.

Contribution of data, conflict and agreement

Boisselier-Dubayle et al. (2002) and Crandall-Stotler
et al. (2005) have previously analysed the incongruence
in results based on different data types in Marchan-
tiales. Even if exhaustive, such comparisons did not
quantify the degree of conflict and contribution of
specific groups of morphological characters to recover
clades. The topological comparisons (SPR distance
and shared nodes) carried out in the present analysis
showed the high similarity of the molecular trees with
the combined tree. Boisselier-Dubayle et al. (2002) sta-
ted that given a large amount of molecular data, such
an outcome should be expected. However, the
extension to which morphological results depart from
molecular trees has been rarely evaluated. In this
study, the SPR measures indicated that our morpho-
logical trees were similar to the molecular trees (8.1
SPR movements; Fig. 3; Table 2). The comparisons
between the molecular trees and the morphological
trees of Bischler (1998) and Boisselier-Dubayle et al.
(2002) yielded SPR values above 9 (Table 2). In terms
of shared nodes, Bischler’s tree is similar to our BW
molecular tree (Table 2). This similarity was explained
by the monophyly of the traditional Exormothecaceae
in both Bischler’s tree and our BW molecular tree.
The alternative comparison, using Villarreal et al.’s
(2016) tree as reference, retrieved the K7 morphologi-
cal tree as the most similar (Table 2). Consequently,
our K7 morphological tree maximized similarity with
molecular hypotheses in three out of four compar-
isons.

It has been formerly stressed that morphology-based
trees and molecular-based trees rendered markedly dif-
ferent topologies (Boisselier-Dubayle et al., 2002).

Although this conflict is also reflected in our trees
(Fig. 3), the K7 morphology-based tree has both dis-
similarities with previous morphological trees and
common aspects with molecular trees (Bischler, 1998;
Crandall-Stotler and Stotler, 2000; Boisselier-Dubayle
et al.,, 2002). As previous authors have pointed out,
morphological trees tended to place morphologically
complex species in more distant positions regarding
Sphaerocarpales (Boisselier-Dubayle et al., 2002; For-
rest et al., 2006; Crandall-Stotler et al., 2009). In con-
trast, our morphological trees somewhat resemble the
topology of molecular trees (Fig. 3; see online supple-
mental material). In the K7 morphological tree, the
morphologically simple clade F was recovered in a dis-
tant position regarding Sphaerocarpales (Fig. 3); con-
trasting with earlier morphological phylogenies
(Boisselier-Dubayle et al., 1997, 2002; Bischler, 1998;
Crandall-Stotler and Stotler, 2000). The genera Corsi-
nia and Cronisia were closely related to group F, as in
Forrest et al. (2006). The “traditional” Exormothe-
caceac  was rejected (Aitchisoniella + Stephen-
soniella + Exormotheca; as in Villarreal et al., 2016)
and Neohodgsonia was excluded from Marchantiaceae
(as in Forrest et al., 2006). Nonetheless, our morpho-
logical trees also have some coincidences with former
morphological trees. For example, they exclude Mono-
clea from Marchantiales and do not support Lunulari-
ales (as in Crandall-Stotler and Stotler, 2000). In this
sense, results from our morphological data can be
interpreted as intermediate between the equally-
weighted morphological trees of previous studies (Bis-
chler, 1998; Crandall-Stotler and Stotler, 2000; Boisse-
lier-Dubayle et al., 2002) and various molecular
hypotheses (Boisselier-Dubayle et al., 2002; Forrest
et al., 2006; Villarreal et al., 2016; and this study).

The most in-depth analysis to elucidate the exten-
sion of data conflict between sets of morphological
characters was performed by Crandall-Stotler et al.
(2005). They concluded that sporophytic characters are
not more informative than gametophytic characters. In
our study, the topological similarity with the molecular
tree is maximized by the tree derived from the gameto-
phytic characters (Fig. 4). Nevertheless, this does not
imply that sporophytic characters are uninformative.
Although some groups are in conflict compared with
trees derived from other kind of characters (e.g.
Sphaerocarpales’ nested position into Marchantiales),
several taxonomic groups in the molecular tree are
also found in the sporophyte tree but not in the game-
tophyte tree (Fig. 4). Clade F was found in the com-
bined analysis and also in the sporophytic tree, in
agreement with previous phylogenies (Bischler, 1998;
Crandall-Stotler and Stotler, 2000; Wheeler, 2000;
Boisselier-Dubayle et al., 2002; Forrest et al., 2006;
Villarreal et al., 2016; Fig. 4). Similarly, the family
Aytoniaceae is supported by the sporophytic data but
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rejected by gametophytic characters (Fig. 4). Sporo-
phytic traits also resolved two additional clades in
accordance with molecular hypotheses (Fig. 5): groups
C (Wiesnerella and Targionia) and A (Monocarpus and
Sphaerocarpales; Wheeler, 2000; Boisselier-Dubayle
et al., 2002; Forrest et al., 2006; Villarreal et al.,
2016).

Our data show that trees based on morphological
data have a certain level of agreement with the molec-
ular topology in terms of SPR distance, shared nodes
and groups placement. The increased similarity com-
pared to previous morphological datasets is probably
related to the inclusion of new information and the re-
interpretation of previous characters. Until now, mor-
phological datasets were relatively small (43 discrete
characters) and none of the larger matrices was con-
centrated on Marchantiidae (Crandall-Stotler and Sto-
tler, 2000; He-Nygrén et al., 2006). In addition, it is
worth noting that Boisselier-Dubayle et al. (1997) pre-
viously suggested using weighting approaches for
diminishing the effect of incongruence between data
types. Homoplasy reported by earlier works (Boisse-
lier-Dubayle et al., 2002; Crandall-Stotler et al., 2005)
was now downweighted by the use of implied weight-
ing (Goloboff, 1993). Altogether, these factors can be
considered as improvements in the analysis of morpho-
logical data.

Synapomorphies and Diagnosis

Crandall-Stotler et al. (2009) remarked on the fact
that some characters could not be confidently assigned
to several groups within the current classification. Many
of the groups diagnosed for the first time in the present
study were already recovered in previous analyses (For-
rest et al., 2006; Villarreal et al., 2016), yet they could
not be fully evaluated on the basis of morphological
characters. Consequently, their morphological definition
remained dubious. In the present combined study, the
diagnosis of several groups was clarified.

In the contemporary classification (Crandall-Stotler
et al., 2009), Marchantiopsida and Marchantiidae were
described in general terms. That is, some characters
were actually apomorphic (e.g. cuneate apical cell or
uni-stratose capsule wall; Crandall-Stotler et al., 2005)
whereas others were non-apomorphic traits (e.g. plants
thalloid, rarely leafy or dehiscence by valves, lid or cleis-
tocarpous). In our BW combined tree, these groups are
supported by nine morphological characters each,
mainly gametophytic features (Fig. 6; Table 3;
Fig. S2). Clade B (Marchantiales and Lunulariales;
Fig. 5) has not been diagnosed since its original recov-
ery (Wheeler, 2000; Boisselier-Dubayle et al., 2002;
Forrest et al., 2006). In the present combined analysis,
such a node is delimited by 15 synapomorphies, most
of these scored from the gametophytic phase.

Hexagonal/pentagonal scale cells, lanceolate shaped
scales and thin pegged rhizoids are examples of diag-
nostic characters for this group.

Most of the previous analyses (Wheeler, 1998, 2000;
Forrest et al., 2006; He-Nygrén et al., 2006; Villarreal
et al., 2016) recovered Clade F (Oxymitra, Ricciocarpos
and Riccia; Fig. 5). However, it was not recognized
within the contemporary classification (Crandall-Stotler
et al., 2009). This group was defined almost exclusively
by sporophytic characters in previous morphological
analyses (Bischler, 1998; Boisselier-Dubayle et al.,
2002). In our study, this node is diagnosed by seven mor-
phological synapomorphies, four of them being gameto-
phytic traits. Thus, the number of synapomorphies not
only increased but also new gametophyte-related charac-
ters are added. A distinctive diagnostic trait is the ratio
between apex and base width of 1.8-2.2; indicating an
obcordate thallus shape. A 0.3-0.4 proportion of pegged
rhizoids/smooth rhizoids is likewise diagnostic for this
clade. Antheridia (male gametangia) primarily posi-
tioned in anacrogynous clusters (not derived from an
apical cell; as opposed to being gathered in receptacles or
specialized branches) is a further gametophytic synapo-
morphy of this node.

Molecular evidence has consistently recovered both
Clades E (Monoclea and Conocephalum; Forrest et al.,
2015; Villarreal et al., 2016) and C (Wiesnerella and
Targionia; Boisselier-Dubayle et al., 2002; Forrest
et al., 2006; Villarreal et al., 2016); but none of these
studies could provide synapomorphic morphological
characters diagnosing both clades, as found here.
Clade E is diagnosed by the absence of a germinal
tube, whereas C is defined by three synapomorphies: a
ratio of 0.7-0.9 between apex and base width, a 0.76—
0.77 proportion of pegged rhizoids and semi-annular
capsule thickenings (as opposed to annular thickenings
in remaining clades).

The results obtained in the present analysis share
many nodes with previous phylogenetic hypotheses
(Forrest et al., 2006, 2015; Villarreal et al., 2016)
although the diagnoses of some nodes differ from that
previously proposed. Many characters were potentially
linked to the recently proposed Corsiniaceae (Exor-
motheca + Corsinia + Cronisia; Long et al., 2016a).
However, only two characters are synapomorphies of
this clade: pegged rhizoids originating near the thallus
apex and a multiple-of-8 chromosome number. No
spore-related character supported the link between
Exormotheca and Cronisia + Corsinia as suggested
(Long et al,, 2016a). The novel Clade D, which
includes Aitchisoniella and Corsiniaceae (Exormotheca,
Stephensoniella, Cronisia and Corsinia), was diagnosed
by two vegetative traits: antheridia in anacrogynous
clusters and drought tolerance. Nevertheless, it must
be noted that the diagnosis of Clade D is not compa-
rable to the new Corsiniaceae (Long et al., 2016a)
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because it comprises different taxa (i.e., includes Aitch-
isoniella). Clade A (Monocarpus and Sphaerocarpales;
Fig. 5) was recently found by Forrest et al. (2015)
who proposed that this group could be described on
the basis of sporophytic trait reductions. Our results
confirmed Forrest et al.’s proposal by mapping rever-
sions as synapomorphic character changes (cleistocar-
pous  capsules, no elaters and  distinctive
ornamentation of the spore proximal face).

Diagnoses of the remaining families with more than
one genus were also modified relative to Crandall-Stotler
et al.’s (2009) classification, as a result off Aytoniaceae
and Cleveaceae (excluding Aitchisoniella) constraining
their original delimitations. Nevertheless, 10 and eight
synapomorphies are found for each taxon, respectively.
Many of these apomorphies were already proposed by
Crandall-Stotler et al. (2009) whereas others are com-
pletely new characters. For instance, a 1.09-1.1 pegged
rhizoids/smooth rhizoids proportion and simple pegged
rhizoids distributed in stalk furrows are new synapomor-
phies for Aytoniaceae. Cleveaceae (excluding Aitchiso-
niella) is fairly well diagnosed by a high peg density (9.4—
11.0), mid to long pegs (4.5-4.6) and tuber presence,
among others. Marchantiaceae rendered as apomorphies
many of the characters previously proposed by Crandall-
Stotler et al. (2009). However, novel characters related
to pegged rhizoids are also added. Ricciaceae, as was the
case in several classifications (Bischler, 1998; Crandall-
Stotler et al., 2009), is circumscribed mainly by reversals
(absences).

Two additional features characterize the new diag-
noses presented in this study: a high proportion of sporo-
phytic characters and input of continuous characters.
Bischler (1998) documented an important number of
synapomorphies related to sporophytic characters.
Namely, 52% of her sampled sporophytic characters pre-
sented apomorphic states (Bischler, 1998). That percent-
age was informative neither on the ubiquity of changes
nor the proportion of sporophytic apomorphies per
node. After a scrutiny of the synapomorphies reported
by Bischler (1998), it turned out that the sporophytic
phase contributed 46 out of 126 changes (36%; mainly
concentrated at deep nodes). In our analysis, synapo-
morphies are dominated by gametophytic features at the
family level (Fig. 6; Fig. S2). These quantities may coin-
cide with the notion that sporophytic traits provide
scarce information at low taxonomic levels (Schuster,
1984a,b; Crandall-Stotler and Stotler, 2000). However,
this idea is not supported when the synapomorphies pre-
sented at the level of orders and nodes that grouped fami-
lies are considered. These nodes were diagnosed by a
large number of sporophytic traits (Fig. 6; Fig. S2).
Conversely, sporophytic features are poorly represented
in the diagnosis at the level of subclasses and classes. The
relatively high number of sporophytic synapomorphies
at low taxonomic levels compared to that obtained in

Bischler (1998) could be related to the higher number of
sporophytic characters included in our dataset. Indeed,
Bischler’s (1998) dataset included 12 sporophytic charac-
ters whereas our matrix scored 34 sporophytic traits.
These new findings provide a basis upon which new
groups could be proposed relying on both high support
values and a clearly stated diagnosis.

Several synapomorphies retrieved in the present
analysis involve continuous characters, a novel result
given that previous phylogenetic analyses in this group
did not include this type of character. The lack of con-
tinuous characters in earlier studies (Bischler, 1998;
Boisselier-Dubayle et al., 2002) can be explained by
the absence of a method that could deal with continu-
ous variation, because Goloboff et al. published their
approach later, in 2006. However, recent studies have
explicitly suggested that continuous characters be
excluded. Oyston et al. (2016) argued that at higher
taxonomic categories (= deeper nodes), taxa tend to
differ more contrastingly than at lower levels (= shal-
low nodes). Consequently, Oyston et al. claimed that
classical morphometrics (continuous characters) are
not suitable for deep levels. Discretized characters
were considered better because they exhibit a gap in
the continuous trait being evaluated (Oyston et al.,
2016). The analysis of continuous characters analysed
as such (Goloboff et al., 2006) led us to diagnose 16
out of 35 ingroup nodes using this type of data.
Indeed, even if the consensus is poorly resolved, some
nodes at the family level and at middle level are recov-
ered when continuous characters are used to infer phy-
logenetic relationships (Fig. S4). Thus, our findings
contradict the notion that continuous traits are appro-
priate only for shallow taxonomic levels. Further sur-
veys on continuous characters should be conducted in
order to completely elucidate their relevance in liver-
wort phylogeny.

Life history traits, morphological resemblance and
evolutionary scenarios

Although some morphological traits were slightly
decoupled regarding life-history groups, a general cor-
related pattern is clearly recovered (Fig. 7). Bischler
(1998) established such life-history groups on the
grounds of a statistical analysis of environmental fac-
tors and morphological features. By mapping these
groups onto her morphological tree, she suggested that
morphology and life strategies co-variation is phyloge-
netically ~ structured.!  Therefore, morphological

'Note that Bischler (1998) changed group labelling in her phylo-
genetic mapping (fig. 15 in Bischler, 1998). However, the groups
remained the same [e.g. Marchantiaceac and Conocephalaceae were
first placed in group 2 (Bischler, 1998, p. 135) and then in group 4
(p. 136)].
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resemblance was argued to be caused by ancestry
rather than by environmental pressure. The character
reconstruction in our combined tree is in partial agree-
ment with Bischler’s hypothesis. Explaining the mor-
phological diversity in terms of common ancestry
would require each life-history group to be mono-
phyletic or paraphyletic. Because groups II-IV had a
unique origin, morphological resemblance within each
group could be attributed to common ancestry. Simi-
larly, within each clade of Group I taxa tended to be
highly similar with regard to morphological characters
(Fig. 7). Environmental pressure could be considered
to explain morphological diversity among unrelated
taxa. Unlike members of the same clade, similarity
between unrelated taxa could not be caused by com-
mon ancestry. The resemblance between, say, the gen-
era Riccia and Monocarpus is easier to explain in
terms of similar environmental pressure (Fig. 7). Our
findings, therefore, allow Bischler’s hypothesis to be
reformulated. That is, based on the current phyloge-
netic patterns, morphological resemblance is partially
explained by common ancestry (inside each clade) and
partially by convergence (between unrelated members
of the group I).

Multiple independent character reductions occurred
in taxa of Group I, commonly limited to open dry
habitats (cleistocarpous capsules, small gametophytes,
few and large spores). These features are favoured
under environmental stress (Bischler, 1998; Bischler
et al., 2005). Conversely, members of groups II-IV
tended to develop morphologically complex features
(larger gametophytes, noncleistocarpous capsules,
numerous and small spores), appropriate for mesic
habitats (Bischler, 1998). Thus, the correlation between
morphological traits and life strategies found by Bis-
chler (1998) is confirmed.

Deviations from the expected evolutionary trends
(Bischler, 1998) were a consequence of both dissimilar
topologies and methodological issues. The statistical
survey of Bischler (1998) was conducted without con-
sidering phylogeny as a source of variation constraint.
Rather, species were treated as independent statistical
entities. In order to evaluate the concerted evolution
of potentially adaptive characters, the effect of the
phylogeny should be eliminated. By doing so, species
could be treated as statistically independent units
(Felsenstein, 1985). An exhaustive quantitative evalua-
tion of putative adaptive characters is still needed. At
the moment, the adaptive value of morphology
remains a poorly investigated area.

Final remarks

The first in-depth combined analysis for the complex
thalloid liverworts was conducted. An improved

character sampling led to the construction of the lar-
gest morphological dataset. Key findings were achieved
regarding morphological contribution and diagnosis
improvement. In sum, the well-established assumption
that morphology may produce completely incongruent
patterns with molecular data was discredited. Indeed,
many nodes recovered with low support values in pre-
vious studies were retrieved by our combined data
with increased support. This suggests that the combi-
nation of apparently conflicting data types may reveal
hidden support for most of the groups.

It is argued that common weaknesses of morpholog-
ical data are challenging character circumscription
and, for this specific group, no informative changes
(Boisselier-Dubayle et al., 2002). Morphological data
are often described as highly homoplastic in plants
(Buck et al.,, 2000; Ranker et al., 2004; Liu et al.,
2012; Yu et al., 2013; Wu et al., 2015; among others).
Such a characterization became a widespread notion
for different groups of organisms. Scotland et al.
(2003) even suggested that, regardless of the taxonomic
group, morphological characters should not be evalu-
ated given their problematic nature. Our results, as
well as others’ (e.g. Wahlberg et al., 2005), strongly
reject such a statement. The inclusion of more and
novel characters produced topologies which differ
from small-matrix-derived morphological phylogenies
and are more similar to molecular trees. Likewise, it
was shown not only that the number of diagnosed
groups increased, but also that most of the previously
proposed diagnoses were imprecise.

Several synapomorphies at the interfamily level were
found for the first time and some unsupported taxo-
nomic changes were questioned. Although deep rela-
tionships among derived families are still dubious,
diagnoses and support values of many interfamily
nodes were improved. Subsequently, this could be
translated into new groups gathering derived families.
The taxonomy of the families Cleveaceae and Corsini-
aceae, as well as the genera Aitchisoniella and Stephen-
soniella, shall be reviewed. At the present, finding a
proper set of synapomorphies for the order Marchan-
tiales is still a major problem. A reasonable approach
would be to redefine Marchantiales so as to include its
sister taxon Lunulariales. By doing this, a supported
and accurately diagnosed category could be proposed.
The fact that morphology-derived trees improved their
congruence with molecular evidence (increased values
of shared nodes and SPR distance) will encourage the
survey of more and new morphological characters.
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