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SUMMARY  

 

This dissertation deals with the molecular phylogeny and classification of the largest family 

of liverworts, the Lejeuneaceae, the historical biogeography of its predominantly 

epiphyllous genus Leptolejeunea, and the oldest known amber inclusion of the leafy 

liverwort family Radulaceae. Lejeuneaceae are leafy liverworts and include perhaps 1,700 

species in 71 genera; they are closely related to the Radulaceae, which include only the 

genus Radula with c. 250 species. Both families are most species-rich in tropical and 

subtropical forests where most their species grow on other plants. In my research, I wanted 

to answer two main questions: During which geologic period did the epiphyllous genus 

Leptolejeunea diversify and reach its pantropical range and what can be inferred from the 

morphological traits of the oldest fossil of Radula, such as leaf shape, bract pair number, 

gemmae development, and the type of the lobule insertion. Additionally, I wanted to 

increase the generic sampling of the phylogeny of Lejeuneaceae, for what I generated 

numerous new plastid and nuclear DNA sequences from dried herbarium material of the 

family Lejeuneaceae, yielding a phylogeny with 30 of 44 genera of the tribe Lejeuneeae 

that resolved the placement of taxonomically unclear genera (i.e., Haplolejeunea, 

Metalejeunea, Pictolejeunea, Vitalianthus). The type species of Otolejeunea does not 

group with a second species, and I therefore reinstated the genus Allorgella, which in my 

concept includes at least six species that occur in Madagascar, Southern China, Southeast 

Asia, and Australasia. DNA sequences and the morphological examination of the 

isolectotype of Microlejeunea aphanella, collected in Brazil in 1884, indicated, that this 

species is closely related to the type species of the genus Vitalianthus (one of its two species 

sampled); I therefore transferred it to that genus.  

To answer my first question, I compiled a dataset with 216 new plastid and nuclear 

DNA sequences for 17 species of Leptolejeunea, generated a molecular clock-dated 

chronogram, and then used it for formal biogeographical analyses. For coding the species’ 

geographic occurrence, I designated three large regions, but included some 14 accessions 

for each of two supposedly pantropical species (L. elliptica and L. maculata) that are 

implausible to represent single gene pools. The stem age of Leptolejeunea was estimated 

as 68 [48-94] Ma, and the diversification of Leptolejeunea likely benefitted from 

megathermal angiosperm forests of the Paleocene and Eocene, that provided the high 

atmospheric humidity required by epiphyllous liverworts. Dispersal from Asia to Africa 
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appears to have occurred around 2.5 to 2.1 Ma, probably by migratory birds or on floating 

islands, as inferred for many other plants and animals.  

To get a better understanding of the morphological evolution of leafy liverworts, 

I focused on their amber inclusions. Chapter 5 of this thesis describes the oldest known 

fossil of the genus Radula, R. cretacea Bechteler, M.A.M. Renner, Schäf.-Verw., & 

Heinrichs, from Burmese amber of a minimum age of 98 Ma. The observed complicate 

bilobed leaf shape, absence of underleaves, numerous archegonia per gynoecium, and 

Radula-type branching are characteristic for Radula.  Ancestral state reconstructions, using 

further characters (as mentioned above) allowed me to securely assign the fossil to the 

subgenus Odontoradula, which has 18 species and occurs mainly in Asia and Oceania. 
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The evolutionary history of organisms is of fundamental relevance to understanding 

biodiversity and can provide arguments for conservation, for example, by providing age 

estimates, revealing narrow geographic ranges (endemicity), or by demonstrating the 

uniqueness of adaptive traits. Fossils give valuable insights into the organismal diversity 

of the past, proof past geographic ranges, and can be used to reconstruct former 

environmental conditions. In the past 30 years, fossils have also gained the new role of 

calibrating molecular phylogenies to translate genetic distances into absolute times, leading 

to so-called time trees or chronograms. Such calibrated phylogenies, in which branch 

lengths are forced to be proportional to time allow one to infer relationships between taxa 

as well as the divergence times of the surviving lineages. Biogeographical analyses that 

build on such time trees, can help to understand today’s distribution patterns of the species 

in the phylogeny (Ronquist & Sanmartín 2011; Sanmartín 2012). A large problem in using 

plant fossils as calibrations is that many are not sufficiently well preserved, taxonomically 

solidly placed, and stratigraphically known. This has been especially true of bryophytes 

(Krassilov & Schuster 1984; Miller 1984; Taylor et al. 2009; Heinrichs et al. 2018). 

To study the evolutionary history of delicate and tiny organisms, amber inclusions 

are of particular value. Amber is fossilized tree resin that is produced by angiosperms as 

well as gymnosperms (Langenheim 1990). Organisms encased in amber are often well-

preserved, even down to the level of cell organelles, and thus, amber inclusions are greatly 

enhancing morphological investigation (Grolle & Braune 1988; Poinar et al. 1996), 

including of arthropods (Poinar 1993; Peñalver et al. 2006; Schmidt et al. 2012), lichens 

(Kaasalainen et al. 2017b), plants (Taylor et al. 2009), and entire paleo-ecosystems 

(Schmidt et al. 2010; Sadowski et al. 2017). Some groups, despite their small size and their 

occurrence on tree bark, are still sparsely represented in the amber fossil record. One such 

group is bryophytes, which in some ecosystems contribute a higher living, above-ground 

phytomass than vascular plants (Longton 1988: Franz Josef Land, 98 g m-2 [31% of 316 g 

m-2 of complete live, above ground phytomass]; angiosperms 15 g m-2 [4%]). Bryophytes 

have a high water holding capacity of up to 1,500% of their dry weight, and therefore play 

an important role in water retention (Proctor 2009). Additionally, they are involved in 

carbon and nutrient cycling (Turetsky 2003), and can host bacteria capable of atmospheric 

nitrogen fixation (DeLuca et al. 2002; Fürnkranz et al. 2008). Due their ability to take up 

water and solutes over their entire surface, they are sensitive to chemicals, making them 

bio-indicators for rain and air pollution (Pearson et al. 2000). Bryophytes comprise the 

mosses (Bryophyta), the liverworts (Marchantiophyta), and the hornworts 
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(Anthocerotophyta). Mosses have some 12,800 species (Crosby et al. 1999), liverworts 

about 7,500 (von Konrat et al. 2010), and hornworts about 215 (Söderström et al. 2016). 

Bryophytes may not be a natural group (Renzaglia et al. 2000; Qiu et al. 2006; Cox et al. 

2014; Liu et al. 2014; Wickett et al. 2014) and their origin is therefore difficult to infer. 

The oldest known microfossils with bryophyte affinities, and at the same time one of the 

first records of land plants, are cryptospores (spore tetrads) from Ordovician rocks (c. 475 

Ma) from Oman (Wellmann et al. 2003). The bryophyte macrofossil record extends back 

to the Middle Devonian of eastern New York, with Metzgeriothallus sharonae regarded to 

belong to the liverworts (Hernick et al. 2008). Bryophytes are the only land plants in which 

the haploid gametophyte is the dominant generation.  

My doctoral research was aimed at increasing our understanding of the 

biogeography and morphological evolution of leafy liverworts. Many molecular studies in 

the last years have dealt with these liverworts’ phylogenetic relationships, some proposing 

biogeographic hypotheses (Feldberg et al. 2007; Dong et al. 2012; Heinrichs et al. 2015a), 

but only a few used chronograms with absolute ages for more detailed insights (Hartmann 

et al. 2006; Devos & Vanderpoorten 2009; Scheben et al. 2016; Carter et al. 2017; Patiño 

et al. 2017). We therefore know little about the biogeography of epiphyllous and epiphytic 

liverworts, which are widespread throughout tropical and subtropical regions. These 

liverworts are adapted for living on trunks and leaves by having a flat habit, imbricate 

leaves, inflated lobules, and rhizoid discs. Based on these morphological traits, the life style 

of amber-preserved gametophytes as epiphytic (or not) can be inferred, with further insights 

about likely life styles coming from the shape of the leaf lobe and lobule, their relative 

sizes, the absence/presence and the shape of the underleaf, leaf position, and types of 

ventral and lateral branches. Sometimes, substrate fragments are preserved in amber, along 

with an epiphytic liverwort, which can give valuable information.  

The morphological traits of a well-determined leafy liverwort amber fossil can 

also be compared to those of extant species, helping to understand morphological evolution. 

Cretaceous amber fossils are of special interest in this regard, since they provide insights 

about morphological change during the Cretaceous Terrestrial Revolution (Benton 2010; 

Vermeij 2011; Magallón et al. 2015), which is assumed to have triggered the diversification 

of epiphytic and epiphyllous leafy liverworts (Feldberg et al. 2014), ferns (Schneider et al. 

2004), and insects (Wilf et al. 2000; Moreau et al. 2006). Studies on Cretaceous amber 

fossils of ferns (Regalado et al. 2017), mushrooms (Hibbett et al. 1997), and bees (Poinar 

& Danforth 2006) provide examples of such insights. When I started my Ph.D. research in 
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2014, only four liverworts representing two families were known from Cretaceous amber 

(Heinrichs et al. 2015b).  

My study systems are the leafy liverwort families Lejeuneaceae and Radulaceae, 

which together have some 1,950 species in some 72 genera (Söderström et al. 2016) that 

are mainly distributed in tropical and subtropical ecosystems around the world. 

Lejeuneaceae make up more than 70% (39 of 53 species) of the epiphytic liverwort 

diversity in tropical lowland rain forests in Guyana (Cornelissen & Ter Steege 1989), and 

more than 80% (138 of 168 species) of epiphyllous liverworts in China (Zhu & So 2001). 

In the following paragraphs, I provide an overview on the epiphyllous lifestyle of liverworts 

and my two study systems. 

 

 

1.1 Epiphyllous liverworts 

Liverworts can inhabit a variety of substrates, ranging from soil and rocks, to bark, 

branches, twigs, and leaves of trees and shrubs (Vanderpoorten & Goffinet 2009). They 

can also grow on artificial surfaces, such as plastic ribbon tape and iron railings (Monge-

Nájera & Blanco 1995; Pócs 1996) and on animals (Gradstein & Equihua 1995; Lücking 

et al. 2010). The probably first description of an epiphyllous liverwort was made by Swartz 

1788, who described Jungermannia flava (= Lejeunea flava, Lejeuneaceae) from Jamaica. 

Photosynthetic organisms that grow on surfaces of living vascular plant leaves are called 

epiphylls (Bentley 1987), and the habitat, provided by leaves of higher plants to epiphylls, 

is called the phyllosphere (Ruinen 1961). Epiphyllous liverworts belong to different 

families and are no natural group. The epiphyllous life form is mostly found in tropical and 

subtropical forests with a permanently high humidity and in areas with rainfall exceeding 

3,000 mm/year, as in parts of North Madagascar and New Guinea, almost any liverwort 

and even mosses are able to occur in the phyllosphere (Pócs 1996). In epiphyllous 

communities of the phyllosphere, which are like a small ecosystem consisting of several 

organisms (bryophytes, algae, lichen, fungi, rotifers, bacteria), liverworts, and especially 

the Lejeuneaceae, followed by the Radulaceae, in terms of their abundance and diversity 

are the most important component (Richards 1984; Pócs 1996; Lücking 1997). Although, 

liverwort species counts per host leaf are generally ranging from two to nine (Zhu & So 

2001), some leaf surfaces may host up to 24 liverwort species (Lücking 1997: Costa Rica).  

Epiphyllous liverworts are not only abundant in tropical and subtropical 

rainforests (Pócs 1996), but also play important ecological roles in these ecosystems. In 
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general, bryophytes have a good water storage capacity (Köhler et al. 2007), which creates 

perfect conditions for bacteria capable of atmospheric nitrogen fixation (cyanobacteria, 

gamma-proteobacteria). Such bacteria are often associated with epiphyllous liverworts and 

then can contribute nitrogen to the host plants (Bentley & Carpenter 1984; Bentley 1987; 

Fürnkranz et al. 2008: up to 6 µmol N2 per m2 per day in lowland rainforests of Costa Rica). 

Other studies have shown that epiphyllous liverworts are an “intermittent sink of nutrients” 

from rainfall in the canopy (Wanek & Pörtl 2005, p. 587). In addition, epiphyllous 

liverworts may act as protection against herbivores. Thus, a liverwort cover has been found 

to decrease the frequency of leaf cutter ants damaging host leaves (Mueller & Wolf-Mueller 

1991). Possible reasons may be terpenoids in the liverwort’s oil bodies or that an epiphyll 

cover increases the workload for the ants cutting up the leaves.  

It is still debated if a cover of epiphyllous liverworts negatively affects the 

photosynthesis of the host leaves (Roskoski 1981; Coley et al. 1993). One study (of 

epiphyllous lichens) found that host leaves can compensate the shading resulting from the 

epiphylls by photo-acclimation, what might also apply to a cover of epiphyllous liverworts 

(Anthony et al. 2002). Radula flaccida, an epiphyllous liverwort, can penetrate the cuticle 

and epidermis of its host leaf with its rhizoids (Berrie & Eze 1975), and the possibility of 

epiphyllous liverworts being hemi-parasites needs further testing (Richards 1984).  

Local habitat conditions, and especially the atmospheric humidity, are among the 

most important factors influencing colonization of epiphyllous liverworts (Winkler 1967; 

Olarinmoye 1974; Coley et al. 1993; Sonnleitner et al. 2009). Epiphyllous liverworts 

germinate and grow on any suitable leaf, but angiosperm leaves and fern fronds are more 

suitable than gymnosperm needles (Winkler 1967; Zhu & So 2001). The absolute 

epiphyllous cover is always highest in large leaves (Monge-Nájera 1989), and smooth leaf 

surfaces seem to be more suitable for epiphyllous liverworts than rough leaf surfaces and 

leaves with waxy cuticles (Winkler 1967; Richards 1984). Leaf shape and drip tips did not 

influence the epiphyllous cover naturally established on artificial plastic leaves (Monge-

Nájera & Blanco 1995: focus on bryophytes; Lücking & Bernecker-Lücking 2005: focus 

on lichens), as well as on living leaves in Costa Rica (Ivey & DeSilva 2001: several species, 

e.g. Faramea parviflora, Ocotea meziana; experimentally manipulated by cutting off the 

drip-tips). The survival rate of young epiphyllous liverworts in habitats with optimal 

condition from colonization to the end of the first year is around 40% (Winkler 1967), and 

their habitat is normally short-lived, with life spans of individual leaves in tropical broad-

leaved trees and shrubs generally ranging from 12 to 14 months (Winkler 1967; Bentley 
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1979), but hosts with shorter-lived leaves were found to exhibit a higher epiphyll cover 

than those with longer-lived leaves (Coley et al. 1993). Epiphyllous liverworts cope with 

such ephemeral conditions by having short generation times; they can become 

reproductively active within less than six months after colonizing leaf surfaces (Zartman & 

Nascimento 2006). 

 

 

1.2 The study systems: Lejeuneaceae and Radulaceae  

Lejeuneaceae are the largest family of liverworts (Gradstein 2013; Söderström et al. 2016), 

and a recent liverwort classification by Söderström et al. (2016) listed 1,887 species in 71 

genera (Shi et al. 2015; Ye et al. 2015; Söderström et al. 2016; Wang et al. 2016; Sukkharak 

& Gradstein 2017; Chapter 2). Estimates of biological species of this family range from 

1,000 (Sukkharak & Gradstein 2017) to 1,700 (He & Zhu 2011). The family Radulaceae 

consists only of the genus Radula, with 245 listed species (Söderström et al. 2016). In both 

groups, species delimitation is difficult due to a high degree of morphological homoplasy 

(Gradstein et al. 2003b; Yu et al. 2013; Renner 2015; Shi et al. 2015) and the occurrence 

of cryptic species (Heinrichs et al. 2009; Dong et al. 2012; Renner et al. 2013a, b; 

Sukkharak & Gradstein 2017). For Radula, the most up-to-date subgeneric classification 

based on a molecular phylogeny listed seven subgenera that mostly lack morphological 

synapomorphies (Devos et al. 2011). The Lejeuneaceae are divided in two subfamilies, the 

Ptychanthoideae and the Lejeuneoideae, the latter comprising three tribes 

(Brachiolejeuneae, Symbiezidiae, Lejeuneeae) (Gradstein 2013), with over 80% of 

Lejeuneaceae species in the Lejeuneeae (1,651 of 1,887 species; Söderström et al. 2016). 

In contrast to the well-resolved phylogenetic backbone of the Radulaceae (Devos et al. 

2011), the deeper parts of the Lejeuneaceae phylogeny are poorly resolved, and hence it is 

unclear, if the Ptychanthoideae are a monophyletic group, as could be shown for the 

Lejeuneoideae (Wilson et al. 2007a). Many genera in the tribe Lejeuneeae had never been 

studied in a molecular phylogenetic framework when I started my research. Additionally, 

information on within-genus relationships was completely lacking for many genera. My 

particular focus, the pantropical genus Leptolejeunea (Table 1) was estimated as having 25 

to 48 species (Gradstein et al. 2001; Söderström et al. 2016). Leptolejeunea elliptica and 

L. maculata were supposedly pantropical (Table 1). The majority of Leptolejeunea species 

are dioicous (29 of the estimated 48 species), whereas ten species are monoicous, L. 
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elliptica is reported to be either dioicous or monoicous, and sexual forms of seven are 

unknown (Table 1).  

 

Table 1. Information on the life form, sexual system and distribution of the 48 

Leptolejeunea species, with taxon confidence levels according to Söderström et al. 2016 

and Shu et al. 2016. * = serious doubts, ** = knowledge problems, *** = accepted, E = 

epiphyllous, NE = epiphytic, A = Neotropics, B = Afromadagascar, C = Asia/Australasia. 

 
Species E NE Sexuality Distribution Reference 

L. amphiophthalma *** x 
 

sterile C Herzog 1942 (as L. picta); Yang 2014 

L. apiculata ** x 
 

dioicous C Zhu & So 2001; Yang 2014 

L. arunachalensis ** 
   

 unknown 

L. astroidea *** x 
 

monoicous B Stephani 1913 

L. australis ** 
 

x sterile C Stephani 1913 

L. balansae ** x 
 

dioicous C Herzog 1942; Zhu & So 2001 

L. borneensis * x 
 

dioicous C Herzog 1942 

L. brasiliensis ** x 
 

monoicous A Bischler 1969; Gradstein & Costa 2003a 

L. convexistipa * x 
 

dioicous A Bischler 1969 

L. curvatifolia * x 
 

sterile C Stephani 1923 

L. denticulata ** x 
 

dioicous C Stephani 1913 

L. dentistipula ** x 
 

sterile C Stephani 1913; Herzog 1942 

L. diversilobulata ** x 
 

monoicous A Bischler 1969; Gradstein & Costa 2003a  

L. dolabriformis ** x 
 

dioicous C Pearson 1922 

L. elliptica *** x 
 

dioicous or 

monoicous 

A, B, C Schuster 1967; Bischler 1969; Zhu & So 2001 

L. emarginata * x 
 

dioicous C Yang 2014 

L. epiphylla *** x 
 

dioicous B, C Stephani 1913; Herzog 1942; Zhu & So 2001  

L. exocellata *** x 
 

monoicous A Bischler 1969; Gradstein & Ilkiu-Borges 2009 

L. foliicola ** x 
 

monoicous C Stephani 1913; Herzog 1942 

L. integristipula ** x 
 

monoicous C Stephani 1923 

L. jamaicensis * x 
 

dioicous A Schuster 1967 

L. lancifolia ** x 
 

dioicous C Stephani 1913; Herzog 1942  

L. latifolia ** 
 

x dioicous C Herzog 1950 

L. latilobula x  dioicous C Shu et al. 2016 

L. lepinii ** x 
 

dioicous C Stephani 1913 

L. ligulata ** x 
 

sterile C Herzog 1942 

L. maculata *** x 
 

dioicous A, B, C Zhu & So 2001; Gradstein & Costa 2003a 

L. massartiana * x 
 

dioicous C Herzog 1942 

L. micronesica ** x 
 

monoicous C Inoue & Miller 1965 

L. minima ** x 
 

sterile C Herzog 1950 

L. mirikana ** x 
 

dioicous C Dey & Singh 2010 
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Species E NE Sexuality Distribution Reference 

L. moniliata *** x 
 

monoicous A Bischler 1969; Gradstein & Ilkiu-Borges 2009 

L. obfuscata *** x 
 

dioicous A Bischler 1969; Gradstein & Costa 2003a 

L. punctata * x 
 

monoicous C Herzog 1942 

L. radicosa *** x 
 

sterile A Stephani 1913 (as Ceratolejeunea radicosa) 

L. renneri * x 
 

dioicous C Herzog 1942 

L. revoluta * x 
 

dioicous C Chen 1955 

L. rosulans ** x 
 

dioicous C Stephani 1913 

L. serratifolia ** x 
 

dioicous A Bischler 1969; Gradstein & Costa 2003a 

L. spinistipula **  x monoicous C He 1997 

L. subdentata ** x 
 

dioicous C Herzog 1942; Zhu & So 2001 

L. subrotundifolia *** 
 

x dioicous C Herzog 1942 

L. tridentata *** x 
 

dioicous A Bischler 1969; Gradstein & Costa 2003a 

L. trigonostipa * x 
 

dioicous A Stephani 1913 

L. tripuncta ** x 
 

dioicous C Herzog 1942 (as L. serrulata); Shu et al. 2016 

L. truncatifolia ** x 
 

dioicous C Zhu & So 2001; Yang 2014 

L. udarii * x 
 

dioicous C Dey & Singh 2010 

L. vitrea *** x 
 

dioicous C Stephani 1913; Herzog 1942 

 

 

1.3 Evolution of Lejeuneaceae and Radulaceae 

For a long time, bryophytes and thus also liverworts were thought of as “unchanging, 

unmoving sphinxes of the past” (Crum 1972, p. 279). This resulted from broad species 

concepts, which in turn resulted in broad geographical ranges (Shaw 2001). It was also 

believed that many bryophyte species were of ancient origin, with some even dating back 

to the Jurassic (Stotler & Crandall-Stotler 1974). With the advent of DNA-based molecular 

methods in the late 20th century, morphologically determined species were often found to 

harbor considerable molecular variation, and the number of cryptic species rose (Shaw 

2001; Heinrichs et al. 2009; Yu et al. 2013). Many of these former intercontinentally 

distributed species were split into separate lineages, many of them with restricted 

geographical ranges (Shaw 2001; Stech & Wagner 2005; Chapter 4). Additionally, 

molecular clock-based age estimates suggested young ages for most extant bryophyte 

species (Hartmann et al. 2006; Feldberg et al. 2014; Laenen et al. 2014; Patiño et al. 2017). 

This led to long-distance dispersal (LDD) becoming the new paradigm, replacing 

continental vicariance as the preferred explanation for disjunct ranges (Devos & 

Vanderpoorten 2009; Scheben et al. 2016). 

Stem age estimates indicate a Late Triassic to Late Jurassic origin of Lejeuneaceae 

at 152.0 Ma (Laenen et al. 2014: 95% HPD interval not stated), 191 [158-226] Ma (Cooper 
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et al. 2012), and 216.3 Ma (Feldberg et al. 2014: 95% HPD interval not stated). This is 

well in agreement with the compression fossil, Sinolejeunea yimaensis of the Middle 

Jurassic Yima Formation of China, which likely belongs to the Lejeuneaceae (Yang & Wu 

2010), but due to its poor preservation was not used in any of the three cited studies. 

Heinrichs et al. (2007), however, found that the Lejeuneaceae originated only during the 

Early Cretaceous, with its stem age at 131.8 [123.8-139.8] Ma. 

Radula has been estimated as having originated sometime between the Mid-

Permian and the Early Eocene in studies focused on liverwort evolution (Heinrichs et al. 

2007; Cooper et al. 2012; Feldberg et al. 2014; Laenen et al. 2014; see Chapter 5 Suppl. 

Table S3 for details). Patiño et al. (2017) specifically dealt with the evolutionary history of 

Radula and inferred a Middle Jurassic origin of the stem of the genus, at approximately 

175 Ma (taken from their Fig. 1) and a crown group origin of the genus at 144.6 [109.6-

197.5] Ma. The crown group diversification of Lejeuneaceae was retrieved to have 

occurred during the Cretaceous at 78.7 [76.4-81.0] Ma (Heinrichs et al. 2007), 91.1-103.4 

Ma (Wilson et al. 2007b), 113.6 Ma (Laenen et al. 2014: 95% HPD interval not stated), 

and 146.1 Ma (Feldberg et al. 2014: 95% HPD interval not stated). This coincides with the 

diversification of the angiosperms during the Cretaceous and Tertiary (Magallón et al. 

2015) and the time of the Cretaceous Terrestrial Revolution (Benton 2010; Vermeij 2011). 

Before this time, gymnosperms dominated the forests (Peralta-Medina & Falcon-Lang 

2012). Due to their high leaf vein density, angiosperms have a higher transpiration capacity 

and can thus provide higher humidity compared to gymnosperms (Boyce et al. 2010; Boyce 

& Leslie 2012). This might have led to a less warm, more humid and more non-seasonal 

climate, that could have triggered the diversification of several organisms (Boyce & Lee 

2010), including Lejeuneaceae and Radula (Wilson et al. 2007b; Feldberg et al. 2014). 

 

 

1.4 Fossil record of Lejeuneaceae and Radulaceae  

As mentioned, the oldest known fossil thought to represent Lejeuneaceae is Sinolejeunea 

yimaensis, a compression fossil of the Middle Jurassic Yima Formation of China (Yang & 

Wu 2010). The remaining fossils of Lejeuneaceae and Radulaceae are inclusions in amber 

of different ages and deposits, together representing about 35 species (Heinrichs et al. 

2018). Here I want to give a short summary of the amber deposits yielding inclusions of 

Lejeuneaceae and Radulaceae (Fig. 1), with information on their assumed ages and possible 
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resin-producing trees. Information about species numbers in this paragraph comes from the 

most recent review of liverwort amber inclusions by Heinrichs et al. (2018).  

The youngest and by far the most important deposit regarding species numbers is 

the 15-20 million years old, Early-Middle Miocene Dominican amber (Iturralde-Vinent & 

MacPhee 1996), which so far has yielded 20 Lejeuneaceae and two Radula species. This 

amber was probably produced by the Fabaceae genus Hymenaea (Langenheim 1995; 

Poinar & Brown 2002) and can be found on the Greater Antilles, particularly the 

Dominican Republic (Iturralde-Vinent 2001). Another source with Miocene age is the 

Mexican amber from which four Lejeuneaceae species are known. It may have been 

produced by the same legume trees as the Dominican amber (Langenheim 1995; Solórzano 

Kraemer 2007).  

The Paleogene Baltic and Bitterfeld ambers from northern Europe are another 

important source of liverwort fossils. Two Radula species and one species of Lejeuneaceae 

have been described from Baltic amber, and one Radula species and two Lejeuneaceae 

species from Baltic and Bitterfeld ambers. The absolute age of Baltic and Bitterfeld amber 

is still unclear (Kaasalainen et al. 2017b). Baltic amber may be of Late Eocene age 

(Sadowski et al. 2017) and Bitterfeld amber may be, too (Grolle & Meister 2004; Frahm 

2010; Wolfe et al. 2016) or else may date to the late Oligocene (Standke 2008). The 

minimum age of Bitterfeld amber is accepted to be 24 Ma (Kaasalainen et al. 2017b). The 

resin of conifers is assumed to have produced both, Baltic and Bitterfeld amber (Wolfe et 

al. 2016; Sadowski et al. 2016, 2017).  

The deposits of Rovno amber in the Ukraine have so far yielded one species of 

Lejeuneaceae. Rovno amber is assumed to have a Middle-Late Eocene age (Perkovsky et 

al. 2007, 2010). Another deposit for Eocene amber from which one Lejeuneaceae inclusion 

is known is the 52 million years old Ypresian Cambay Indian amber, most likely produced 

by Dipterocarpaceae trees (Rust et al. 2010). During my Ph.D. research, the first Cretaceous 

fossil of Radula from the Burmese amber of Myanmar with a minimum age of 98 Ma (Shi 

et al. 2012) became available for study. Most likely Burmese amber consists of 

gymnosperm resin, probably from Metasequoia (Grimaldi et al. 2002). The well-preserved 

morphology and the Cretaceous origin of this new fossil make it important for studying the 

evolution of Radula, and leafy liverworts in general. A more detailed treatment of this fossil 

is given in Chapter 5 and in the Discussion of this thesis.  
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Figure 1. Amber deposits yielding inclusions of Lejeuneaceae (blue) and Radulaceae 

(yellow). Pie chart size represents the proportion of species found in each locality. 

 

 

1.5 Specific research questions 

The goal of my research was to gain insights into the evolution of epiphytic and epiphyllous 

leafy liverworts, and I chose to work with Lejeuneaceae and Radulaceae because of the 

abundant and important material, and unique expertise, available in the laboratory of my 

Ph.D. advisor Jochen Heinrichs. When I started to work on Lejeuneaceae, many genera had 

never been studied molecularly and the phylogenetic backbone of the family phylogeny 

was poorly resolved, hampering our understanding of the evolution of these plants. During 

my research, I contributed to the completion of the Lejeuneaceae phylogeny by analyzing 

generic relationships and clarifying generic boundaries in the tribe Lejeuneeae. The results 

of this work are presented in Chapter 2 and 3.  

To better understand the factors that shaped the evolution of an epiphyllous 

liverwort genus, I selected Leptolejeunea of the Lejeuneaceae, which was thought to 

include several pantropical species, raising interesting questions about gene flow in such 

species and dispersal (Grolle 1976; Schuster 1980; Pócs & Lye 1999; Zhu & So 2001; 

Chapter 1.2, Table 1). With molecular data, I could test for possible hidden molecular 

diversity in morphologically determined species. Another aim was to uncover the 

biogeographical history of Leptolejeunea to gain a better understanding of the age of its 

current distribution and continental subgroups. To find answers, I compiled a dataset 

Dominican amber

Mexican amber

Bitterfeld
amber

Baltic amber

Rovno amber

Indian
amber

Burmese
amber
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consisting of published sequence data and newly generated data from herbarium specimens, 

and then applied molecular-clock dating and complementary biogeographical analyses 

(Chapter 4).  

Lastly, I studied a Cretaceous liverwort fossil from Burmese amber in extensive 

detail and assigned it to the leafy liverwort genus Radula of the family Radulaceae (Chapter 

5). My research on this fossil was aimed at gaining insights into liverwort morphology 

during the time of the Cretaceous Terrestrial Revolution (Benton 2010; Vermeij 2011). I 

employed ancestral character reconstructions and divergence time estimations to evaluate 

its potential assignments in the phylogeny of Radula, thereby testing and increasing the 

future utility of this fossil as calibration for molecular age estimations.  
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TOWARDS A MONOPHYLETIC CLASSIFICATION OF 
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GENERAL DISCUSSION 
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6.1 Phylogeny and classification of Lejeuneeae (Lejeuneaceae) 

Since the last classification of Lejeuneaceae by Gradstein (2013), a lot of progress has been 

made regarding the generic sampling of this family (Czumay et al. 2013; Heinrichs et al. 

2014a, b, c; Schäfer-Verwimp et al. 2014; Shi et al. 2015; Wang et al. 2016). Still, many 

genera had never been studied molecularly when I started my research in 2014. I focused 

on the relationships within the largest tribe of Lejeuneaceae, the Lejeuneeae, and due to 

available herbarium material, I could investigate the phylogenetic position of four not 

previously included genera. Therefore, in a first dataset, I was able to include sequences of 

27 genera, representing all known subtribes of Lejeuneeae, importantly also species of the 

Afro-Madagascan/Brazilian genus Haplolejeunea, the Asian and Fijian species of the 

genus Metalejeunea (3 species), and the Brazilian type species of Vitalianthus (another 

species, that I could not sample, has been described from China). Of the genus Otolejeunea 

(11 species, type species from Madagascar), I sequenced further material from Australia 

and Indonesia, representing the predominantly Asian and Australasian distribution of the 

genus. Another geographically important addition was Brazilian material of Microlejeunea 

aphanella. I also analyzed and scored morphological information on ocelli, sex system 

(monoicous or dioicous), outer lobule tooth, and underleaves.  

The phylogenetic hypotheses (Chapter 2) obtained under maximum parsimony 

and maximum likelihood optimization showed, that Metalejeunea is a member of 

Lepidolejeuneinae and Haplolejeunea belongs to Echinolejeuneinae. Furthermore, the 

genus Vitalianthus needed to be transferred from Drepanolejeuneinae to 

Lepidolejeuneinae. The two specimens of O. semperiana did not group with the type 

species of this genus in the Lepidolejeuneinae, but instead with other Echinolejeuneinae. 

Morphological evidence coming from the reduced leaf lobules, the “Allorgella-type” 

marginal leaf denticulations, and the absence of ocelli (Chapter 2, Fig. 1) in this species 

supported this new grouping. Ocelli are gametophytical cells containing a single, large oil 

body (Fig. 2) and are a taxonomically important character in Lejeuneaceae (Schuster 1992a, 

b; He & Piippo 1999; Heinrichs et al. 2015a). Due to my results, I reinstated Allorgella at 

the genus rank and transferred O. semperiana to Allorgella. In addition, Microlejeunea 

aphanella turned out to be more closely related to the type species of the genus Vitalianthus 

than to the type species of Microlejeunea (Chapter 2, Figs. 2, 4) and therefore I transferred 

that species to Vitalianthus. This species possesses a linear row of ocelli in the leaf lobe 

that can be seen even in the isolectotype (in the Munich herbarium) of this species, which 
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was collected in Brazil in 1884. These ocelli resemble those seen in other species of 

Vitalianthus but not in other species of Microlejeunea.  

In Chapter 3 of this thesis, I dealt with the phylogenetic position of the Neotropical 

– Asian genus Pictolejeunea (6 species; Söderström et al. 2016). I further increased my 

Lejeuneeae molecular phylogenetic dataset by generating sequences of two Brazilian 

specimens of the Neotropical type species Pictolejeunea picta and other newly available 

sequences. The results revealed a sister relationship of Pictolejeunea to the remaining 

Lejeuneeae genera (Chapter 3, Fig. 1), and I therefore placed this genus in a new subtribe, 

Pictolejeuneinae. Except for the subtribe Ceratolejeuneinae, the remaining subtribes are 

well supported in my phylogenetic trees. 

 

 
 
Figure 2. Diversity of ocelli in Lejeuneaceae. A. Leptolejeunea epiphylla, stars indicate 

broken row of ocelli, B. Pictolejeunea picta with reddish brown ocelli, C. Otolejeunea 

moniliata with a moniliate row of four ocelli; A from Schäfer-Verwimp 16245 (herbarium 

Schäfer-Verwimp), B from Lopes 202 (SP), C from Pócs et al. 901131/EA (EGR); All 

photographs by J. Bechteler; scale bars A, B = 50 µm, C = 100 µm. 

 

 
6.2 Evolution of epiphyllous liverworts: The case of Leptolejeunea  

My study on Leptolejeunea represents the first biogeographic and molecular clock-dated 

analysis of an epiphyllous liverwort genus. The geographic ranges of the supposedly 

pantropical species L. elliptica and L. maculata, and the paleotropical L. epiphylla (Grolle 

1976; Schuster 1980; Pócs & Lye 1999; Zhu & So 2001; Chapter 1, Table 1) are 

biologically unlikely because trans-oceanic populations obviously do not engage in gene 

flow. For each of these species, I obtained sequences from multiple herbarium specimens 
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representing their range in South America, Africa, and Asia. Thus, I included 16 specimens 

of L. maculata from the Dominican Republic, Ecuador, Panama, Mayotte, Malaysia, and 

Sumatra, 14 specimens of L. elliptica from the Neotropics and Asia (African specimens are 

still missing), and eight specimens of L. epiphylla from Cambodia, Malaysia, Sumatra, 

Thailand, Mayotte, and Príncipe Island. Additionally, my dataset comprised five species 

restricted to Asia and Australasia (15% of 33 species), four species from the Neotropics 

(40% of 10 species), and the single species having its distribution only in Africa, L. 

astroidea. The results refute the assumed pantropical distributions of the species L. elliptica 

and L. maculata, which each split into three, well-supported geographically defined clades 

(Chapter 4, Fig. 2).  

To translate these results into an improved classification, I resurrected several 

formerly synonymized names, each of which had originally been based on geographical 

and morphological differences, such as leaf shape, lobule size, and distribution of ocelli.  

The taxonomy of Leptolejeunea mainly relies on the presence/absence and size 

and distribution of ocelli (Herzog 1942; Bischler 1969; Fig. 1 in Chapter 4 of this thesis). 

Ocelli can best be studied in fresh material since they usually disappear in dried specimens, 

making the use of herbarium material challenging. Leaf cells that are larger or smaller than 

the surrounding cells may indicate ocelli (Chapter 6.1, Fig. 2; Chapter 4, Fig. 1).  

To obtain a chronogram showing absolute ages, I used plastid and nuclear standard 

bryophyte substitution rates for calibration (Villarreal & Renner 2014). Leptolejeunea 

diverged from Pycnolejeunea and Xylolejeunea during the Late Cretaceous to Early Eocene 

at around 68 [48-94] Ma (Chapter 4, Figs. 3, 4), which is in line with the results of Wilson 

et al. (2007b), who included one representative of Leptolejeunea in a chronogram for 

Lejeuneaceae that was constrained by a secondary calibration point obtained from 

Heinrichs et al. (2007) and reported a stem age of this genus of 56-63 Ma. In my analyses, 

the crown group diversification of Leptolejeunea took place in the Eocene to Early 

Oligocene at around 38 [27-53] Ma, with most extant species establishing during the 

Miocene (Chapter 4, Figs. 3, 4). Based on the geographic ranges of the 17 species in my 

phylogeny, I assigned each of them to either the Neotropics, the Afro-Madagascan region, 

or Asia including Australasia. The supposed pantropical species L. elliptica, L. epiphylla, 

and L. maculata were coded according to voucher label information to accommodate the 

results of my phylogenetic analyses, which had shown that these species are artificial 

(above). The results of these coarse biogeographic analyses show that the paleotropical 
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species, L. epiphylla and L. schiffneri, probably origined in Asia and colonized Africa 

during the Pliocene to Pleistocene (Chapter 4, Figs. 3, 4).  

Important caveats in the above analyses are incomplete species sampling and 

extinction and recolonization. The latter two factors have undoubtedly have occurred 

during the past 68 million years, and my species sampling is only 35% of c. 48 species. 

Extant species of Leptolejeunea can disperse via spores or asexually via gametophyte 

fragments and cladia, which are specialized, very fragile branches that break of the main 

stem easily and develop large rhizoid discs to facilitate substrate adherence (Bischler 1969; 

Zhu & So 2001). The long-held hypothesis of asexual propagules being mainly involved in 

population maintenance and dispersal over short distances has recently been challenged, 

and it is now assumed that spores and asexual propagules are both important for long-

distance dispersal (LDD) of bryophytes (Laenen et al. 2016b). Floating islands that consist 

of huge trunks carried out from the mouths of such rivers as the Amazon and the Congo 

and that then follow ocean currents for many weeks are well-documented by ship sightings 

(Van Duzer 2004). Such islands transport microbes, cryptogams, birds and other animals, 

and of course also plant fragments (Houle 1998; Renner 2004). Circum-Antartic wind 

currents have also been correlated with extant bryophyte distributions on Antarctic islands 

(Muñoz et al. 2004). Spores of liverworts have a low resistance to high levels of UV 

radiation, drought, and frost, and their successful dispersal may occur mostly by air currents 

below jet stream altitudes (Van Zanten & Gradstein 1988). 

The Asian – African disjunctions may be due to migratory birds millions of which 

migrate twice each year between Africa, Madagascar, and India (Berthold 2001; Newton 

2008). Birds can carry bryophyte propagules in their plumage (Lewis et al. 2014).  

A further factor that likely influenced the evolution of Leptolejeunea are the 

megathermal forests that dominate much of the Earth during the Paleocene and Eocene 

(Morley 2011). These forests were dominated by angiosperms and provided a humid 

atmosphere, which is an important factor for the growth of epiphyllous liverworts (Winkler 

1967; Olarinmoye 1974; Coley et al. 1993; Sonnleitner et al. 2009). The Eocene and 

Oligocene Baltic and Bitterfeld ambers in northern regions of Europe have yielded 

inclusions of related genera (Grolle & Meister 2004; Heinrichs et al. 2018) and entire 

communities analogous to extant East Asian humid warm-temperate forests (Sadowski et 

al. 2017).  
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6.3 A Cretaceous amber fossil belonging to the genus Radula (Radulaceae) 

Cretaceous amber fossils of plants and animals are numerous (Grimaldi et al. 2002; Azar 

et al. 2010), but when I began my research, few species of liverworts had been documented 

from such amber inclusions (Heinrichs et al. 2018), one from a deposit close to 

Wainwright, Alaska (Langenheim et al. 1960) and six from Tanai in Kachin State, 

Myanmar (Grimaldi et al. 2002). One of these Cretaceous inclusions, from the Burmese 

amber of Myanmar (Shi et al. 2012: late Albian to earliest Cenomanian; minimum age 98 

Ma), was available to me for morphological study. It has Radula-type branching, bilobed 

leaves, numerous archegonia per gynoecium, and lacks underleaves, allowing the reliable 

assignment to the genus Radula. In Chapter 5, I described this fossil as Radula cretacea.  

I then used the newly assigned fossil to calibrate my molecular phylogeny of 

Radula, which is based on a sampling of 99 species (40% of 245 Radula species), 

representing all subgenera. I also carried out ancestral state reconstructions for four 

potentially informative characters of the fossil, namely shape of the leaf apex (Fig. 3), 

number of female bract pairs, gemmae development, type of lobule insertion. It turned out, 

that these characters are derived features within subgenus Odontoradula (Chapter 5, Figs. 

1, 2), which comprises 18 species (Söderström et al. 2016) that are mainly distributed in 

Oceania and Asia (Yamada & Piippo 1989; Patiño et al. 2017), in line with the Burmese 

origin of the fossil.  

 

 
 

Figure 3. Members of Radula subgenus Odontoradula. A. Fossil of Radula cretacea, B. 

Radula novae-hollandiae, C. Radula decora; Note the acute leaf apex in A and B, and the 

round leaf apex in C; B from M-0088183 (M), C from Schäfer-Verwimp & Verwimp 8106 
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(M); Photograph A by A.R. Schmidt, B and C by J. Bechteler; scale bars A, B, C = 200 

µm. 

 

For the clock models, I first used the fossil to constrain the age of the clade sharing 

the same morphological features as the fossil to 98.0 (± 1.0) Ma. In a second model, I used 

the fossil to instead constrain the stem node of subgenus Odontoradula to 98.0 (± 1.0) Ma. 

In a third model, I applied a standard plastid substitution rate of 5 x 10-4 subst./sites/Myr as 

secondary calibration (Palmer 1991; Villarreal & Renner 2014). The first approach yielded 

a stem age for Radula of 508 [341-714] Ma, which is unrealistically old. The other two 

approaches resulted in estimates of, respectively, 228 [165-307] Ma or 236 [143-369] Ma 

for the stem age of Radula, which is in accordance with other molecular clock studies that 

have used different taxon samples and different fossil or rate calibrations (Chapter 5, 

Supplement Table S3). A stem age estimate for subgenus Odontoradula of 101.2 [78.5-

129.2] Ma obtained by Patiño et al. (2017) is in agreement with the minimum age of my 

Burmese Radula fossil (98 Ma) and provides further support for the fossil being a stem 

group member of this subgenus.  

Fossils provide insights into the evolution of morphological traits. The c. 100 

million years old amber inclusion of Radula cretacea so far is the oldest fossil of 

Radulaceae and also one of the oldest amber inclusion of leafy liverworts in general 

(Heinrichs et al. 2018). Unfortunately, Radula cretacea is preserved without fragments of 

the substrate it was growing on. Nevertheless, the fossil shows many other important traits, 

such as an acute leaf apex, two female bract pairs, the development of gemmae, and a 

longitudinal lobule insertion, all of which occur in extant Radula species (Fig. 3; Chapter 

5, Fig. 1). On this basis, as well as the morphology of Cenozoic Radula fossils from the 

Baltic and Bitterfeld amber (Heinrichs et al. 2016) and Dominican amber (Grolle 1987; 

Kaasalainen et al. 2017a), it appears that the morphology of Radula has not changed much 

since the Paleocene and Eocene. This is similar to Cretaceous amber inclusions of the leafy 

liverwort family Frullaniaceae (Heinrichs et al. 2012) and Cretaceous fossils of ferns 

(Regalado et al. 2017), mushrooms (Hibbett et al. 1997), and bees (Poinar & Danforth 

2006). Other Cretaceous amber fossils of the leafy liverworts Kaolakia borealis (Heinrichs 

et al. 2011) and Protofrullania cornigera (Heinrichs et al. 2017), and the moss 

Eupolytrichum antiquum (Konopka et al. 1997), however, do possess morphological traits 

no longer seen today, such as a strap-shaped underleaf and rhizoids originating from the 

uppermost sector of the underleaf.  
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6.4 General conclusion and perspective  

My studies on Lejeuneaceae resulted in a phylogeny that now includes species from 30 of 

the 43 genera of Lejeuneeae and that provides new insights into relationships in this family. 

Especially interesting was my discovery that Pictolejeunea is sister to the remaining 29 

genera (Chapter 2, 3). The phylogenetic positions of the ‘missing’ ten genera still remain 

to be investigated, and the backbone of the phylogeny is still poorly resolved. More of the 

1,700 species of Lejeuneaceae will need to be sampled to achieve even deeper insights into 

the evolution of this largest family of liverworts. 

My research on the pantropical genus Leptolejeunea (Chapter 4) revealed the 

unnaturalness of two supposedly pantropical species. Other supposedly widely distributed 

species, for example L. epiphylla, still need to be studied in more detail with microsatellite 

markers and a denser geographical sampling. Geometric morphometrics (Adams et al. 

2004) has been used in other leafy liverworts (Renner et al. 2013a) and might be tried for 

subgroups of Leptolejeunea for which sufficient well-preserved material is available. The 

predominant dioicous sexual system of Leptolejeunea species (Chapter 1.2, Table 1) raises 

questions about how reproduction is ensured, given that the majority of its species live on 

leaves, which persist for only a few months.  

Last not least, my analyses greatly increased the future utility of Radula cretacea 

for the calibration of liverwort molecular-clock models.  
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