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Scapania is a northern temperate genus with a few disjunctions in the south. Despite receiving consider-
able attention, the supraspecific classification of this genus remains unsatisfactorily solved. We use three
molecular markers (nrITS, cpDNA trnL-F region, atpB-rbcL spacer) and 175 accessions belonging to 50
species (plus eight outgroup taxa) to estimate the phylogeny and to test current classification systems.

Our data support the classification of Scapania into six rather than three subgenera, rearrangements
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within numerous sections, and inclusion of Macrodiplophyllum microdontum. Scapania species with a pli-
cate perianth form three early diverging lineages; the most speciose subgenus, Scapania s.str., represents
a derived clade. Most morphological species concepts are supported by the molecular topologies but clas-
sification of sect. Curtae requires further study. Southern lineages are nested in northern hemispheric
clades. Palearctic-Nearctic distribution ranges are supported for several species.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Scapania (Dumort.) Dumort. is a large, terrestrial genus of leafy
liverworts with a fossil record that dates back to the Paleogene
(Grolle and Schmidt, 2001; Frahm, 2006). Potemkin (2002 ) accepted
87 species in three subgenera and 18 sections. The genus has its cen-
ter of diversity in the northern hemisphere, but a few species occur
also in the southern hemisphere (Vana et al., 2009). Besides a few
narrow endemics, Scapania includes numerous intercontinentally
distributed species. A few circumpolar species have remarkable dis-
junct tropical occurrences (Gradstein and Vana, 1987; O’Shea et al.,
2003; Engel and Glenny, 2008). Scapania has not only been studied
morphologically but also in terms of secondary metabolite patterns
(Asakawa, 2004), and is well known for its metal accumulation
capacity (Lépez and Caballeira, 1993; Vincent et al., 2001) and use-
fulness as bioindicator in freshwater systems (Grasmiick et al.,
1995).
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At the genus level, Scapania can normally be identified by the
complicate-bilobed, non-vittate leaves with ovate-obovate lobes,
having a smaller dorsal than ventral segment, the frequent occur-
rence of smooth, ovoid to ellipsoidal gemmae developing from the
leaf lobes, and the usually smooth, flat perianths. Species taxon-
omy is regarded as much more difficult, possibly because of the
rather monotonous genus morphology and the frequent presence
of depauperate or sterile forms that can hardly be identified using
morphological evidence (Schuster, 1974; Meinunger and Schroder,
2007). As a consequence, many taxa are still subject to controversy,
and different authors arrive at different taxonomic conclusions
(Potemkin, 1999a; Damsholt, 2002; Meinunger and Schroder,
2007; Zuo et al., 2007).

Recent molecular phylogenetic studies of liverwort genera are
often incongruent with morphology-based supraspecific classifica-
tions and have led to adjustments of existing classification schemes
(Groth et al., 2004; Heinrichs et al., 2004; Hentschel et al., 2007,
2009). Molecular data have also changed our views about species
delineations and species ranges (see Shaw, 2001 and Heinrichs
et al,, 2009 for reviews). Several molecular phylogenetic studies
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included a few representatives of Scapania (e.g., Schill et al., 2004;
Yatsentyuk et al., 2004; De Roo et al., 2007) but the limited sam-
pling did not allow for comprehensive taxonomic conclusions. A re-
cent molecular study comprised 37 Scapania accessions, mainly
from Russia (Vilnet et al., 2010). This study pointed to numerous
inconsistencies between existing supraspecific classifications, and
molecular topologies.

Here we extend the sampling of Vilnet et al. (2010) and produce
the first global phylogeny of Scapania, based on 175 accessions
belonging to 50 species (plus eight outgroup species) and se-
quences of the nuclear ribosomal internal transcribed spacer re-
gion, the chloroplast DNA intergenic atpB-rbcL spacer, and the
trnL-F region. We test the supraspecific classification of Potemkin
(2002), and examine the phylogenetic delimitation of species by
including multiple accessions from different regions of their
ranges. We confirm intercontinental ranges of several morpholog-
ically circumscribed species, provide evidence for incongruence of
morphological classifications and molecular topologies, and postu-
late morphologically cryptic speciation in several binomials.

2. Material and methods
2.1. Taxon sampling, distribution ranges and outgroup selection

Taxa studied are listed in Table 1 with GenBank accession num-
bers and voucher details. All voucher specimens were carefully
examined and original identifications were corrected when neces-
sary. Scapania taxa were sampled based on Potemkin (2002) to
cover the morphological variation of the genus over its geographic
range. Most species are represented by multiple accessions. Distri-
bution range information is based on recent floras and checklists
(Schuster, 1974; Stotler and Crandall-Stotler, 1977; Paton, 1999;
Damsholt, 2002; Potemkin, 2002; Séderstrom et al., 2002; McCar-
thy, 2006; Engel and Glenny, 2008; Lai et al., 2008; Konstantinova
et al,, 2009) and our own observations.

A first dataset was compiled which included each one represen-
tative of the investigated Scapania species and representatives of
the related genera Diplophyllum (Dumort.) Dumort.,, Douinia
(C.E.O. Jensen) H. Buch and Macrodiplophyllum (H. Buch) Perss. (Vil-
net et al., 2010). Lophozia ventricosa (Dicks.) Dumort. and Tritoma-
ria quinquedentata (Huds.) H. Buch were designated as outgroup
taxa based on the phylogenies of Schill et al. (2004), Heinrichs
et al. (2005a), De Roo et al. (2007) and Vilnet et al. (2009, 2010).
The circumscription of Scapania was assessed on the basis of this
first dataset, and sister lineages to Scapania (Douinia, Diplophyllum,
Macrodiplophyllum s. str.) designated as outgroups for the extended
dataset which includes multiple accessions of Scapania species.

2.2. DNA extraction, PCR amplification and sequencing

Plant tissue from the distal portions of a few shoots was isolated
from herbarium collections. Total genomic DNA was purified using
Invisorb Spin Plant Mini Kit (Invitek, Berlin, Germany) prior to
amplification.

Protocols for PCR were carried out as described in previous pub-
lications: nriITS region from Feldberg et al. (2004), trnL-F region
from Feldberg and Heinrichs (2006), and the atpB-rbcL spacer from
Feldberg et al. (2010). Bidirectional sequences were generated
using a MegaBACE 1000 automated sequencing machine using
DYEnamic ET Primer DNA Sequencing Reagent (Amersham Biosci-
ences, Little Chalfont, UK). Sequencing primers were those used for
PCR. Voucher specimens for all sequences were deposited in GOET
or JE. Three hundred and ninety-three sequences were newly gen-
erated for this study, 94 sequences were downloaded from Gen-

bank. Sequences of the outgroup taxa Tritomaria quinquedentata
and Lophozia ventricosa come from different accessions (Table 1).

2.3. Phylogenetic analyses

All sequences were aligned manually in Bioedit version 7.0.5.2
(Hall, 1999). Ambiguous positions were excluded from the align-
ment and lacking parts of sequences were coded as missing. Max-
imum parsimony (MP) analyses were carried out with PAUP*
version 4.0b10 (Swofford, 2000). MP heuristic searches of the small
and the extended datasets were conducted with the following op-
tions implemented: heuristic search mode, 100 random-addition-
sequence replicates, tree bisection-reconnection (TBR) branch
swapping, MULTrees option on, and collapse zero-length branches
off. All characters were treated as equally weighted and unordered.
Non-parametric bootstrapping values (Felsenstein, 1985) were
generated as heuristic searches with 1000 replicates, each with
ten random-addition replicates. The number of rearrangements
was restricted to ten millions per replicate (extended dataset,
Fig. 2) or unrestricted (small dataset, Fig. 1). Bootstrap percentage
values (BPV) >70 were regarded as good support (Hillis and Bull,
1993). Where more than one most parsimonious tree was found,
trees were summarized in a strict consensus tree.

The three genomic regions were first analysed separately to
check for incongruence. The strict consensus trees of the non-para-
metric bootstrap analyses were compared by eye to identify con-
flicting nodes supported by at least 70% (Mason-Gamer and
Kellogg, 1996). The trees gave no evidence of incongruence. Hence
the datasets were combined.

jModeltest 0.1 (Posada, 2008) was used to select a model of
evolution for the maximum likelihood (ML) analyses of the large
combined dataset. ML trees were generated using the program
GARLI version 0.96 beta (Zwickl, 2006) using the GTR model with
I'-parameter and invariant site variable implemented and all
parameters estimated. All analyses were performed with the default
settings and several times repeated. The default setting of GARLI was
also employed to calculate bootstrap values for ML analyses based
on 300 bootstrap replicates.

3. Results
3.1. Small combined dataset

Alignment of the three genomic regions resulted in a combined
matrix with the following: atpB-rbcL 559 positions, trnL-F 410 posi-
tions, nrITS 817 positions. Of a total of 1786 character sites 1029
were constant, 254 autapomorphic and 503 parsimony informative
(Table 2). Maximum parsimony analyses of the combined dataset
yielded 24 maximally parsimonious trees of 1976 steps, consistency
index (CI) 0.53, and retention index (RI) 0.68. The strict consensus of
these trees is depicted in Fig. 1. All clades assigned to subgenera or
sections, as well as the backbone, achieve good bootstrap support.
Three species of Diplophyllum form a clade that is placed sister to
the rest of the ingroup. The subsequent clade comprises of Douinia
ovata (Dicks.) H. Buch, Macrodiplophyllum imbricatum (M. Howe)
Perss.and M. plicatum (Lindb.) Perss. in a well supported relationship
with the Scapania clade (BPV 88). The Scapania clade receives a BPV
of 100. Scapania microdonta (Mitt.) Mill. Frib. [Macrodiplophyllum
microdontum (Mitt.) Perss.] forms the sister to all other Scapania spe-
cies. The subsequent clade comprises only S. (subg. Ascapania Grolle)
contorta Mitt., followed by a clade assigned to S. subg. Plicatycalyx
Miill. Frib., and a clade corresponding to S. sect. Gracilidae H. Buch.
The Neotropical S. (subg. Macroscapania R.M. Schust.) portoricensis
Hampe & Gottsche is placed sister to S. subg. Scapania. Several
morphologically circumscribed sections are polyphyletic. Scapania
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Table 1 (continued)

Genbank Acc. Nos.

nriTS

Voucher and Herbarium

Origin

Taxon

atpB-rbcL

trnL-F

JN631733

JN631609

JN631475

Weber & Miller 1.3 (GOET)

<]
O
,‘:d
=]
E
5 3
wv o
sAa
=i
=]
5.8
° =
S &
< 2
=
=]
50

a subalpina

JN631734

JN631610

JN631476

Zhu et al. 20100403-131 (HSNU)
Wei 20090707389 (HSNU)

a subnimbosa Steph.

a subnimbosa
a subnimbosa

JN631735

JN631611

JN631477

=
5]
=
N
o
]
=
=
Bb
=)
=
S
&)
]
£
=
O

JN631736

JN631612

JN631478

Zhu et al. 20090629-116 (HSNU)
Konstantinova 140-1-04 (KPABG)

S
o
oo
=
o
=
2
=
1%}
)
=]
T
g
=
N
]
=
=
o

c
[
20
I

=t
2

=
=

1%}
=
o
2
e
S

Z

EU791634
JN631613

EU791725 & EU791742

JN631479

a tundrae (Arnell) H. Buch

Schéfer-Verwimp & Verwimp 18181 (GOET)

Gradstein 7769 (GOET)

3
=&
=l
23
=3
==
=
T T
o
==
" wun
=l
< <

liginosa (Lindenb.) Dumort.

JN631737

JN631614

JN631480

EU791631
JN631615

EU791739
JN631481

Bakalin 25-7-01 (KPABG)
Eckstein 6509 (GOET)

Russia, Murmansk

a uliginosa

JN631738

Germany (I), Lower Saxony, Goslar
Germany (II), Bavaria, Steinberg

a umbrosa (Schrad.) Dumort.

a umbrosa
a umbrosa
a umbrosa

JN631616

JN631482

Schroder 31-5-1996 (JE)

JN631739

JN631617

JN631483

Schroder 3-9-1996 (JE)

Germany (II), Bavaria, Hirschgrund

Russia, Komi Rep.

EU791632
JN631618

EU791740
JN631484

Dulin MD139-1-99 (KPABG)
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JN631740

Schafer-Verwimp & Verwimp 27551 (GOET)
Schafer-Verwimp & Verwimp 25913 (GOET)
Schiéfer-Verwimp & Verwimp 25719 (GOET)
Schéfer-Verwimp & Verwimp 25725 (GOET)

Konstantinova 208-2-02 (KPABG)

ata (L.) Dumort.

ata
ata
ata
ata
ata
ata

Italy, Udine, Nassfeld pass

JN631741

JN631619

JN631485

), Porto Moniz

JN631742

JN631620

JN631486

Pico Ruivo

h

Portugal, Madeira (II)
Portugal, Madaria (

JN631743

JN631621

JN631487

Rico Ruivo

)

I

EU791642
JN631622

EU791751
JN631488

Russia, Murmansk (I)

JN631744

Konstantinova, Bryo. Ross. Exs. 21 (GOET)

Shevock et al. 29009 (GOET)

Long 7842 (JE)

Russia, Murmansk (II), Khibiny Mts.

U.S.A., California, Mariposa Co.
Bhutan, Thimphu, Taba

JN631745

JN631623

JN631489

JN631746

JN631490

a verrucosa Heeg
a verrucosa

EU791654

EU791763

Konstantinova 609/6-05 (KPABG)

Bakalin s.n. (KBAG)

Russia, Caucasus, Karachayevo-Cherkessian Rep.

Russia

Scapan
Scapan
Scapan
Scapan
Scapan

Scapan
Scapan
Scapan
Scapan
Scapan
Scapan
Scapan
Scapan
Scapan
Scapan
Scapan
Scapan
Scapan
Scapan

EU791804

Tritomaria quinquedentata (Huds.) H. Buch

Tritomaria quinquedentata
Tritomaria quinquedentata

AY463592

He-Nygrén & Piippo 1474 (H)

Long 29130 (E)

Finland

AY453601

United Kingdom

irrigua (Nees) Nees (type of sect. Irriguae H. Buch) is nested in sect.
Curtae H. Buch; other Irriguae elements form a separate lineage. Sev-
eral Asian species that are currently assigned to sect. Nemorosae H.
Buch are placed in another lineage, S. sect. Stephania Potemkin.
Scapania (sect. Ciliatae Grolle) spitsbergensis (Lindb.) Miill. Frib. is
nested in sect. Compactae H. Buch.

3.2. Large combined dataset

Dataset 2 comprised an atpB-rbcL, trnL-F and an nrITS1-5.8S-ITS2
alignment with 1790 putatively homologous sites (Table 2) and 184
accessions (Table 1). The ML topology (In = —16,759.6443, Fig. 2)
resembles the MP topology found with the small dataset (Fig. 1).
Many species with multiple accessions form monophyletic lineages
including examples with Palearctic-Nearctic ranges. Scapania irrigua
is paraphyletic with S. curta (Mart.) Dumort., S. helvetica Gottsche, S.
obcordata (Berggr.) S.\W. Arnell, and S. scandica (S.W. Arnell & H.
Buch) Macvicar nested in it. Accessions of S. ligulata Steph. form
two deep clades.

4. Discussion
4.1. Supraspecific classification and evolution of Scapania

4.1.1. Genus circumscription

Two contradictory hypotheses about the evolution of Scapania
have been put forward based on morphology. Many authors con-
sidered Scapania to be a derived genus that evolved from a Lop-
hozia-like ancestor with an inflated, plicate perianth and an
indefinite leaf keel (e.g., Buch, 1928; Schuster, 1951). In contrast,
Potemkin (1998, 1999b) proposed that Scapania represents the
“basal” genus of Scapaniaceae, from which Diplophyllum and Doui-
nia were derived via Lophozia (Dumort.) Dumort. and Anastrophyl-
lum (Spruce) Steph. The latter hypothesis was already contradicted
by several earlier molecular phylogenetic studies (Schill et al.,
2004; Yatsentyuk et al., 2004; Heinrichs et al., 2005a; Vilnet
et al., 2010) and also by Potemkin (2002). The extended sampling
of the present study allows further insights into the evolution of
Scapania. Scapania species [including Scapania (Macrodiplophyllum)
microdonta] with a plicate perianth are found in early diverging lin-
eages (Fig. 1), providing evidence that the flat, smooth perianth of
most extant Scapania species represents the apomorphic condition,
and that Scapania derived from a “lophozioid” ancestor. However,
the derived species S. calcicola (Arnell & J. Perss.) Ingham, S. com-
pacta (Roth) Dumort., S. gymnostomophila Kaal. and S. sphaerifera
(H. Buch) Tuom. also have a plicate perianth mouth, possibly in
consequence of reversals to the plesiomorphic condition.

The three species of Macrodiplophyllum are placed in two inde-
pendent lineages. The “Scapania-like” (Potemkin, 2002: 332) Mac-
rodiplophyllum microdontum is placed sister to the remainder of
Scapania, and is here treated as an element of Scapania. The “Diplo-
phyllum-like” (Potemkin, 2002: 332) species Macrodiplophyllum
imbricatum and the generitype M. plicatum (Grolle, 1983) form a
sister relationship with Douinia (Fig. 1). Based on the topology
shown in Fig. 1, Macrodiplophyllum s. str. could be treated as an
independent genus or, alternatively, could be lowered to a syno-
nym of Douinia. A further possible solution for the morphological
and molecular incongruences would be an incorporation of Douinia
and Macrodiplophyllum s. str. in Scapania (Vilnet et al., 2010). How-
ever, Douinia differs from all related genera by the presence of uni-
spiral elaters and the lack of gemmae (Buch, 1928; Schuster, 1974;
Paton, 1999); Macrodiplophyllum s. str. has been aligned with Dip-
lophyllum rather than with Scapania (Buch, 1928; Schuster, 1974).
We propose to keep the three genera as separate entities because
the morphological overlap of Macrodiplophyllum s. str. and
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02 Scapania ciliato-spinosa

sect. Plicatycalyx

02 Scapania ferruginea
03 Scapania ornithopodioides
03 Scapania nimbosa

03 Scapania rotundifolia

sect. Planifoliae

04 Scapania ampliata

04 Scapania gracilis

04 Scapania bolanderi
04 Scapania subnimbosa

sect. Gracilidae

05 Scapania portoricensis

subg. Macroscapania

06 Scapania calcicola

06 Scapania gymnostomophila

sect. Calcicolae

07 Scapania hedbergii
07 Scapania crassiretis
07 Scapania nemorea

sect. Nemorosae

03 Scapania simmonsii

subsect. Simmonsiae

08 Scapania hyperborea
08 Scapania paludicula
08 Scapania tundrae

sect. "Irriguae”
(see chapter 4.1)

09 Scapania glaucocephala

incertae sedis

10 Scapania rufidula
10 Scapania undulata
10 Scapania paludosa
10 Scapania subalpina

sect. Scapania

07 Scapania umbrosa
09 Scapania apiculata

sect. Apiculatae

11 Scapania cuspiduligera
12 Scapania americana

sect. Cuspiduligerae
incertae sedis

13 Scapania kaurinii
12 Scapania spitsbergensis
14 Scapania compacta

sect. Compactae

12 Scapania lepida
12 Scapania ciliata
12 Scapania koponenii

sect. Ciliatae

15 Scapania verrucosa
16 Scapania sphaerifera
07 Scapania ligulata
07 Scapania javanica
07 Scapania griffithii

sect. Verrucosae
sect. Sphaeriferae

sect. Stephania

08 Scapania mucronata
10 Scapania uliginosa
08 Scapania curta

08 Scapania scandica
17 Scapania irrigua

08 Scapania helvetica
08 Scapania obcordata
08 Scapania lingulata

sect. Curtae

18 Scapania aspera
18 Scapania aequiloba

sect. Aequilobae

Fig. 1. Strict consensus of 24 equally parsimonious trees (consistency index 0.53) based on an alignment of the nriITS region and the chloroplast DNA markers trnL-F and atpB-
rbcL. Distribution of species is indicated at branches. Numbers previous to species names refer to the Scapania classification of Potemkin (2002): 01 subg. Macrodiplophyllum,
02 sect. Plicaticalyx, 03 sect. Planifoliae, 04 sect. Gracilidae, 05 subg. Macroscapania, 06 sect. Calcicolae, 07 sect. Nemorosae, 08 sect. Curtae, 09 sect. Apiculatae, 10 sect. Scapania,
11 sect. Cuspiduligerae, 12 sect. Ciliatae, 13 sect. Incurvae, 14 sect. Compactae, 15 sect. Verrucosae, 16 sect. Sphaeriferae, 17 sect. Irriguae, 18 sect. Aequilobae.

Diplophyllum would complicate a morphological circumscription of
an extended genus Scapania. Scapaniella H. Buch was erected for
tiny Scapania species without distinct stem cortex differentiation
and has been treated as a separate genus by Crandall-Stotler

et al. (2009). However, the Scapaniella elements Scapania glauco-
cephala (Taylor) Austin and S. apiculata Spruce are placed in de-
rived lineages of Scapania. We therefore consider Scapaniella to
be a synonym of Scapania.
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Table 2
Distribution of constant and phylogenetically informative sites for aligned positions
of the three genomic regions [(I) small dataset (II) extended dataset)].

atpB-rbcL  trnL-F  ITS1-5.8S-ITS2  Total
(I) Number of sites in matrix 559 410 817 1786
Constant 332 279 418 1029
Autapomorphic 96 42 116 254
Parsimony informative 131 89 283 503
(II) Number of sites in matrix 559 414 817 1790
Constant 331 272 358 961
Autapomorphic 49 21 84 154
Parsimony informative 179 121 375 675

4.1.2. Classification of Scapania

Potemkin (2002) classified Scapania into three subgenera and
18 sections. In this connection he suggested that the sections of
Scapania are not very sharply defined because of morphological
homoplasy. Difficulties in establishing a supraspecific classification
of Scapania based on morphology are reflected in the conflicting
treatments of Miiller (1905), Schuster (1974) and Potemkin
(1998, 2002), and are also evident from the phylogeny presented
in Fig. 1. The monophyly of some of Potemkin’s (2002) sections is
confirmed (S. sects. Aequilobae H. Buch, Calcicolae R.M. Schust., Gra-
cilidae), but others proved to be poly- or paraphyletic. We propose
a series of modifications of the species assignments of Potemkin
(2002) to render monophyletic supraspecific taxa. However, our
reclassification of Scapania should be regarded as provisional be-
cause we were not able to include all relevant section or subgenus
types (still lacking: S. brevicaulis Taylor, S. karl-muelleri Grolle, S.
secunda Steph.). The sectional affiliation of a few species (S. amer-
icana Miill. Frib., S. glaucocephala, S. simmonsii Bryn & Kaal.) re-
mains unclear based on the present sampling; their classification
requires inclusion of further species in the molecular data sets.
Several well-supported lineages lack Linnean names; they are out-
lined in the following two sections and will be formalized
elsewhere.

4.1.2.1. Subgenera. Our topology (Fig. 1) allows for a hierarchical
classification of Scapania into subgenera and sections. Potemkin
(2002) accepted three subgenera, Macrodiplophyllum, Macroscapa-
nia, and Scapania s. str. This classification is only partly supported
by the present study.

Our treatment of S. subg. Macrodiplophyllum [s. str.] as a sepa-
rate genus requires the establishment of a subgenus for the
remaining element Scapania microdonta (Macrodiplophyllum micr-
odontum), which is placed sister to the rest of Scapania. This species
can be separated from other Scapania species by the presence of
multicellular gemmae with intersecting walls, in combination with
a pluriplicate perianth and basal leaf cell walls with intermediate
thickenings. The morphologically similar S. sphaerifera (Potemkin,
1999b) is not closely related according to our topologies (Figs. 1
and 2).

The subsequent Scapania clade is also made up of a single spe-
cies, S. contorta. Scapania contorta represents a peculiar element of
Scapania that stands out in terms of arcuately inserted dorsal leaf
lobes, narrow ventral lobes, brown marginal leaf teeth and pyri-
form, plicate perianths. Grolle (1966) set up the monospecific sub-
genus Ascapania to accomodate S. contorta. The latter subgenus
was lowered to a synonym of S. sect. Plicatycalyx (Miill. Frib.)
Potemkin by Potemkin (2002); however, our results do not support
this synonymy and we therefore recognize subg. Ascapania.

The Neotropical subg. Macroscapania includes a few species
with long elaters and polygonal gemmae. This subgenus is deeply
nested in Scapania and is placed sister to a clade including the
generitype Scapania undulata (L.) Dumort. We assign the latter
clade to S. subg. Scapania. Although we need to exclude several ele-

ments which were aligned with subg. Scapania by Potemkin
(2002), namely sects. Plicatycalyx, Planifoliae (Miill. Frib.) Potemkin,
and Gracilidae, subg. Scapania still represents the most speciose
subgenus and includes more than 70% of the species diversity. This
diverse array of species is difficult to circumscribe morphologi-
cally, but includes species that have smooth (rarely weakly pli-
cate), compressed perianths with an entire or toothed mouth,
ovoid gemmae, uniseriate antheridial stalks, and moderately elon-
gate elaters.

Our new circumscription of subg. Scapania requires the rein-
statement of S. subg. Plicatycalyx. This subgenus represents an early
diverging lineage of Scapania that comprises sects. Plicaticalyx and
Planifoliae, and includes plants with a (usually) vestigial leaf keel
and plicate or nonplicate, dorsiventrally compressed perianths.
Maintenance of a classification into subgenera and sections re-
quires furthermore the reassessment of sect. Gracilidae to subgenus
level. Species of sect. Gracilidae are characterized by flat, smooth
perianths with a ciliately toothed mouth, dentate dorsal leaf bases
and usually greenish gemmae.

In summary, we propose to classify Scapania into six subgenera,
of which one still needs to be formally described. The early diverg-
ing subgenus lineages contain only a few species, in contrast to the
derived subgenus Scapania which accommodates the majority of
extant sections and species.

4.1.2.2. Sections. Sectional classification of Scapania is possibly even
more difficult than subgenus circumscription. Some of the entities
delimited in Fig. 1 correspond to geographic regions or ecological
preferences rather than morphological features, others can be
identified by certain combinations of morphological character
states. A comprehensive sectional reclassification of Scapania will
only be possible with a molecular sampling that covers the com-
plete species diversity; morphological homoplasy likely leads to
unnatural supraspecific entities if not corroborated by molecular
data. Our partial reclassification should thus be regarded as
preliminary.

Despite the shortcomings of our limited sampling, we can pro-
pose several changes to the current sectional classification sys-
tems. Potemkin (2002) regarded sect. Curtae as representing a
derived group of small-sized species with reduced paraphyses
and sparse branching. This view is confirmed by our analyses.
However, the Curtae-lineage also includes the type of S. sect. Irr-
iguae (S. irrigua), necessitating a synonymization of Irriguae and
Curtae (Vilnet et al., 2010). Other Irriguae elements [S. hyperborea
Jorg., S. paludicola Loeske & Miill. Frib., S. tundrae (Arnell) H. Buch]
are placed in another main clade of subg. Scapania, and form a
highly supported monophyletic lineage (Figs. 1 and 2a). These
plants are usually more robust than S. irrigua, and have brownish
to reddish gemmae. A sectional name for this clade is currently
not available and will be established elsewhere.

Potemkin’s (2002) approach to unite morphologically similar
species in a single section is sensible but our topology (Fig. 1) indi-
cates parallel evolution of similar morphotypes in different parts of
the geographic range of Scapania. Several Asian elements of sect.
Nemorosae sensu Potemkin (2002) form a separate lineage. We
therefore propose to reinstate the name S. sect. Stephania for this
clade with a center of diversity in temperate and tropical Asia.
Scapania umbrosa (Schrad.) Dumort. likewise needs to be excluded
from sect. Nemorosae, and is here placed in sect. Apiculatae. The
two representatives of this section (S. apiculata, S. umbrosa) share
a small size, well-defined stem cortex, gradually sharp-pointed leaf
lobes, brownish to reddish gemmae, leaf-like female bracts and
flattened perianths with an entire mouth.

The two species S. compacta and S. kaurinii Ryan have been
placed in sect. Compactae because of their subequally bilobed, en-
tire to remotely dentate, rounded to obtuse leaves with a keel that
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Fig. 2. Phylogram generated in a maximum likelihood analysis of the combined dataset. Bootstrap values are indicated at branches (bold: ML, not bold: MP).

arches sharply away from the stem, and their monoecious sexual
condition (Schuster, 1974). In our study, S. spitsbergensis proved
to be a third species of sect. Compactae. This species has been
placed in sect. Ciliatae by Potemkin (2002 ) because of its ciliate leaf
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margin; however, it is a third monoecious Scapania species
(Schuster, 1974). Scapania species are usually dioicious, hence,
monoecious condition of species in sect. Compactae may be a
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Fig. 2 (continued)

Scapania simmonsii was assigned to both sect. Nemorosae Schuster’s (l. c.) placement of subsect. Simmonsiae in sect. Aequilo-
(Potemkin, 1998) and Planifoliae (Potemkin, 2002). Neither of these bae is not supported. Instead, our data support sectional rank for
assignments is confirmed in our study which lends some support subsect. Simmonsiae.
to Schuster’s (1974) treatment of S. simmonsii in a monospecific Potemkin’s (2002) concept of sect. Scapania is largely confirmed
subsect. Simmonsiae R.M. Schust. based on the strongly deflexed- in our study. This section includes hygro- or hydrophytic,
involute ventral leaf lobes and the very large trigones. However, large-sized species with entire or shortly toothed, ventrally long
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decurrent leaves with broadly rounded lobes and a smooth to
weakly papillose cuticle, as well as small trigones. However, our
study corroborates the observation of Vilnet et al. (2010) of a close
relationship of S. (sect. Scapania) paludosa (Miill. Frib.) Miill. Frib.
and S. (sect. Curtae) mucronata H. Buch. This relationship was unex-
pected from morphological and ecological considerations, and de-
serves further study.

Likewise the separation of the early diverging Scapania sections
Plicatycalyx and Planifoliae needs to be further investigated by inclu-
sion of other putatively related species such as S. karl-muelleri and S.
orientalis Miill. Frib. In the ML analysis sect. Planifoliae was nested in
Plicatycalyx albeit without reliable bootstrap support (Fig. 2a). Spe-
cies of sect. Plicatycalyx have plicate perianths, whereas members
of sect. Planifoliae are provided with flat, smooth ones.

Our study provides evidence that leaf dentation in Scapania is of
limited taxonomic value above the species level, similar to the situ-
ation in the leafy liverwort Plagiochila (Dumort.) Dumort. (Heinrichs
et al., 2005c¢). Other gametophytic features of Scapania such as leaf
and perianth shape, trigone and papillae development or color of
gemmae are highly homoplastic as well. In consequence, supraspec-
ific taxa can often only be defined by a certain combination of mor-
phological character states, distribution ranges, and ecological
preferences. Species with aberrant morphology relative to their phy-
logenetic placement complicate diagnosing groups within Scapania.
Such a situation is not unknown in leafy liverworts, and has also
been demonstrated for Frullania Raddi (Hentschel et al., 2009), Lop-
hozia (Vilnet et al. (2008), Plagiochila (Heinrichs et al., 2005b) and
Syzygiella Spruce (Feldberg et al., 2010). Sporophytic characters such
as capsule wall development, spore surface and elater shape may
provide additional support for supraspecific entities. They have pro-
ven to be variable in Scapania (Schuster, 1974, Srivastava and Sri-
vastava, 1994; Potemkin, 2002). However, the amount of available
data is presently too incomplete to evaluate the taxonomic impor-
tance of the diploid generation of Scapania.

4.2. Species taxonomy

Considering the difficulties in recognizing supraspecific entities,
many morphological species concepts in Scapania work surpris-
ingly well. Inclusion of multiple accessions of many species led
to robust monophyletic lineages for the majority of them (Fig. 2);
only a few proved to be para- or polyphyletic. The taxonomically
most problematic assemblage of species is found in sect. Curtae
(Fig. 2b). Species identification within this evolutionary young line-
age (Potemkin, 2002) is notoriously difficult and requires optimally
developed, fertile material, ideally including information on oil
bodies that are best seen in living plants (see e.g., the detailed
treatments and comments in Schuster, 1974; Paton, 1999; Dams-
holt, 2002; Meinunger and Schroder, 2007). Scapania irrigua proved
to be paraphyletic during the course of our study, with accessions
of S. curta, S. helvetica, S. obcordata, and S. scandica nested within it.
The predominantly short branches within the Curtae crown group
point to recent diversification events that are possibly still imper-
fectly reflected in morphology. A S. irrigua clade with typical, ro-
bust phenotypes (accessions Germany I-III) may represent an
unrecognized, morphologically cryptic species that deserves fur-
ther attention. However, deeper insights into the population struc-
ture of S. sect. Curtae requires a considerable extension of the
population sampling, and inclusion of fertile DNA vouchers from
which oil body characters have been investigated.

Similarly problematic is the classification of the Asian S. sect.
Stephania (Fig. 2b). Potemkin et al. (2004) studied the morphology
of S. ligulata in detail and recognized two morphologically weakly
separated subspecies. Our data suggest the presence of two geneti-
cally distinct entities; however, the evaluation of putative morpho-
logical discrepancies requires a more comprehensive sampling.

Scapania griffithii Schiffn. differs from S. ligulata by the frequent pres-
ence of leaf lobes with horn-like tips (Potemkin, 2002). Potemkin
et al. (2004) doubted the occurrence of S. griffithii outside the Hima-
layan region and adjacent territories. However, we recognized two
specimens with the morphology of S. griffithii from Fujian, China.
In our phylogeny, they form a polytomy with S. griffithii from Nepal,
and S. javanica Gottsche. Extension of the geographical sampling and
inclusion of further putatively related taxa such as S. parvitexta
Steph. and S. angusta Miill. Frib. is necessary to gain deeper insights
into the taxonomic structure of sect. Stephania.

Our study confirms the separation of the Asian S. koponenii
Potemkin from the European S. aspera M. Bernet & Bernet (Potemkin,
2000), which are placed in different main clades of Scapania. The
considerable sequence differences of S. nemorea (L.) Grolle and S.
crassiretis Bryn support species rather than subspecies rank for the
latter taxon (Potemkin, 1994). The African S. hedbergii SW. Arnell
is closely related to the Holarctic S. crassiretis; however, this obser-
vation should be verified with additional accessions. Zehr (1980) re-
duced S. paludosa to a synonym of S. uliginosa (Lindenb.) Dumort.
This treatment was accepted by Potemkin (1999a, 2002) but re-
jected by Paton (1999) and Damsholt (2002). It is also not supported
in our study with the species in different major clades of Scapania.
Scapania calcicola is nested in the paraphyletic S. gymnostomophila
Kaal.; however, the Genbank sequences related to the Russian acces-
sion should be verified. A close relationship is also indicated be-
tween the morphologically similar S. gracilis Lindb. and S. bolanderi
Austin. These species seem to be of recent origin, and can be sepa-
rated by the slightly different lobe shape and dentition.

4.3. Biogeography

4.3.1. Origin and diversification of Scapania

The distribution patterns mapped onto the tree in Fig. 1 illus-
trate the Holarctic distribution of extant Scapania with a center
of diversity in temperate regions of the Palearctic. A combination
of molecular and fossil evidence indicates an origin of Scapania in
the Eocene (Heinrichs et al., 2007), at a time with a globally warm
climate, and subtropical forests in large parts of the Northern re-
gions (Willis and McElwain, 2001). It is not unlikely that the first
Scapania lineages occurred in northernmost regions, and that the
cooling processes since the Oligocene (Zachos et al., 2001) led to
diversification and colonization into the expanding temperate re-
gions. A similar scenario has recently been proposed for the cool-
temperate moss genus Sphagnum L. (Shaw et al., 2010), which
dominates the cryptogamic vegetation of boreal peatlands.

Many early diverging species of Scapania nowadays occur in
temperate Asia, and it is not unlikely that the ancestors of most ex-
tant Scapania lineages come from this region. The investigated
southern lineages of Scapania, notably S. portoricensis and S. hedber-
gii, are nested in northern clades, indicating that the ancestors of
these clades occurred in the Holarctic. The Neotropical S. portoric-
ensis is an isolated element according to the ML phylogeny (Fig. 2a)
and it has no close relatives in the North, providing some evidence
for a long period of isolation. Unfortunately we were not able to in-
clude the other purely Neotropical Scapania, S. geppii Steph., in the
molecular study. Tropical Scapania lineages were obviously not
very successful in terms of speciation, in contrast to the temperate
elements (or their have been significant differences in extinction
patterns). The Paleotropics are likewise poor in Scapania species,
and harbor a few species such as S. javanica and S. lepida Mitt.
These species are closely related to derived temperate Asian lin-
eages (Fig. 2b), and are thus likely of a more recent origin.

4.3.2. Species ranges
Species of Scapania frequently produce gemmae, and are thus
good dispersers even in regions with a climate that is unfavorable
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for the formation of sporophytes. This ability to reproduce vegeta-
tively by gemmae may explain the success of Scapania in the north-
ern regions.

Many morphologically circumscribed Scapania species cover
both parts of the Holarctic or show other remarkable disjunctions.
Molecular studies pointed to a complex genetical structure of
many of such circumscribed disjunct bryophytes, and to the pres-
ence of numerous morphologically cryptic species (Shaw, 2001;
Heinrichs et al., 2009). On the other hand, some disjunct Palearc-
tic-Nearctic liverwort ranges have been confirmed by molecular
data, e.g., for the liverworts Metzgeria pubescens (Schrank) Raddi
(Fuselier et al., 2011), Frullania tamarisci (L.) Dumort. (Heinrichs
et al.,, 2010) and Porella cordaeana (Huebener) Moore (Heinrichs
et al, 2011).

Morphological concepts within Scapania are in good accordance
with the molecular topology shown in Fig. 2, and Palearctic-Nearc-
tic disjunctions are confirmed for S. nemorea, S. paludosa, S. subalp-
ina (Lindenb.) Dumort. and S. undulata. Scapania nimbosa Taylor ex
Lehm. is a disjunct species with a few stands in the British Isles and
Norway, in addition to occurrences in the Sino-Himalaya (Jordal
and Hassel, 2010). This remarkable disjunction is confirmed in
our study, in which accessions from Scotland and Yunnan form a
monophyletic lineage. Similar disjunctions have recently been
shown for the liverworts Anastrophyllum alpinum Steph. and A.
joergensenii Schiffn. (Long et al., 2006). It is still unclear if the dis-
junct range of S. nimbosa is the result of extinction (Damsholt,
2002) or expansion processes. Jordal and Hassel (2010) point out
that S. nimbosa has not yet reached all available localities in south-
western Norway, providing some evidence for ongoing distribu-
tional changes. A similar disjunction of S. ornithopodioides (With.)
Waddell is also confirmed in our study.

Many species of the northern regions of the Holarctic show a
bottleneck pattern of genetic diversity, likely in consequence of
extinction/expansion processes caused by climate changes of the
Pleistocene (Hewitt, 1996, 2000). This pattern is also evident from
our ML phylogeny (Fig. 2), however, follow-up studies utilizing
hypervariable markers such as microsatellites (Ramaiya et al,,
2010) are needed to gain deeper insights into the population struc-
ture of these species and their range formation.

4.4. Perspectives

The present study is the first comprehensive phylogeny of Scap-
ania, and allows for several adjustments of current classification
systems. However, nearly 50 currently accepted species have not
yet been included in molecular investigations. Adding these to
the present sampling will allow for a comprehensive reclassifica-
tion of Scapania, and a detailed evaluation of morphological char-
acter state evolution. Scapania sect. Curtae is in need of a
thorough revision utilizing morphological plus molecular evidence,
as are several Asian species complexes. Establishing a stable Scap-
ania taxonomy based on an integrative, morphological-molecular
approach is desirable to understand the taxonomic positions of
numerous forms and varieties that have been established for mor-
phologically aberrant phenotypes. Scapania is notorious for such
aberrant forms and it is currently unclear if they represent habi-
tat-induced modifications or genetically separated biological enti-
ties that deserve formal classification. A reliable classification is
also necessary for barcoding Scapania. Such a molecular barcode
will allow identification of the numerous suboptimally developed
phenotypes.
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