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Introduction

1 Introduction

In bryophytes, especially many dioecious species do either not, rarely or only regionally
produce sporophytes, but large numbers of them are nevertheless common (gpggies
Longton 1992 Pfeiffer et al. 208). This may be the castncemost bryophytes are capable

of vegetativereproduction, whether or not they produce sporophytes freely (Longton 2006).
Thus the relevance ekgetativereproduction for coloisation and maintenance of habitats

rarely fruiing speciegwith sporogonia)s a question of great interest in bryology and will be
addressed in this study.

Longton (2006)addresses one of the main open questions, before the significance of meiosis
in terms of the evolutionary flexibility of bryoptad can be assessed: Is there a correlation
between aspects of reproduction biology and the level and pattern of genetic variation in
bryophyte species and populations? An earlier work on the pleurocarpous moss species
Rhytidium rugosun(Pfeiffer et al. 208) demonstrated that a very rarely fruiting species
forms highly clonal patches and that small numbers of clones can dominate populations.
However, the question remains whether low genotypic diversity and clonal dominance are a
general trend in rarely friing pleurocarpous mosses or are speci&@hgtidiumrugosum

The present study aims to analyslnal diversity of small populationgp infer the
importance of vegetative reproduction in three widespread, rarely fruitingjnisexual
pleurocarpous mossé€Bryophytina):Pseudoscleropodiumpurum, Pleurozium schrebeaind
Rhytidiadelphus squarrosuBlant material from different German plots as well as worldwide
plant material was therefore investigated by molecular (AFLP fingerprinting) and rmorpho
anatomichanalyses to test the genetic diversity in selected plots and to discover the means of
vegetativereproduction as well as clonal reproduction

Corcerning lifeform, the three selected species are members of the perennial stayer type,
comprising:longevity, low reproduction effort (omonfruiting) and are typically foundh

stable habitatécompare, e.g., During 1978rey & Kurschner 1991Frey & Hensen 1995

When sporophytes are produced they show long setae, small spores (dr20iaimetey and

well developed peristomes (e.§chmidt 1918Crum 1972 Miles & Longton 1992, ongton

1994, hencefeatures thought to be associated with loagge dispersaFor the three studied
speciesvegetativereproduction is not yet completely understood and spseitVegetative
diaspores .str. (propagula) are not known.nly unspeciaised fragmentation of plants is
suggested as a possible mechaniswegktativereproduction(e.g., Correns 1899.0ongton &
Schuster 1983, Nebel & Philippi 2001, King 206i&inken &Zippel 2004.
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All three species have a wide distribution in the Northern Hemisphere, with range extensions
(introductiony to the Southern Hemisphere.q., Australia New Zealand St. Helena,
Argentina and South Aica). Within their main distribution nage Pseudoscleropodium
purum, Reuroziumschreberiand Rhytidiadelphusquarrosusare very common species and
form large patches or even carpets

Descrigiions in literature suggest different frequenciesporophyte productio(regional and
between spees) in the three observed speci@ompae, e.g., Longton & Greene 1969a
Lewinsky & Mogensen 1978, Crum & Anderson 1981, Dull 199%,et al. 1994, Kuc 1997,
Gradstem et al. 2001, Nebel & Philippi 200Crum 2004 Smith 2004) this was confirmed by
own observationsin the present study sporophytegre not found irPseudoscleropodium
purum sporadic found in Southhliringian populations ofRhytidiadelphussquarrosusand
regularly found in Brandenburgan and Thuringia Pleuroziumschreberipopulations.This
turned out to be a very interesting fagiiceit is the first time thatthe genetic diversity of
small populationswith slightly different frequencies irsporophyte productiorfregional
differencesas well adifferences between speciegs compar@in one analysis.

Altogetherthe stug aims to answer the following questson

- Are patche®f theselected, rarely fruitingspeciesuniclonal or multiclonal?

- Is a population dminatel by small numbers of clon@s

- How do the examinespecies reproduceegetatively andwhat are the most important
types of vegetative diaspores?

- How important is sexual reproduction for the selected species?

- Is it possible to showeorrelatiors betweensporophytefrequenciesand the genetic

diversity of populabns?
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2 Reproduction and Dispersal

2.1 Vegetative Reproduction

Vegetative/asexuakproduction has been a field of interest in bryological resdarchlong

time (compare.e.g., Correns 189%obotka 1976, Longton & Schuster 1983, Selkirk 1984,
Kimmerer 1994, Newto & Mishler 1994 Duckett et al. 199%tengien & Sastad 2001, Stark
2002, Bisang et al. 200#einken & Zippel 2004Cronberg et al. 200&Rfeiffer @ al. 2006.
Today the general picture of reproduction in bryophytes seems to be clear and geasrative
well as vegetative reproducti@mewell described, but less is known about clonal diversity in
mainly vegetativily reproducing species and the efficiency of vegetative diaspores, especially
in pleurocarpous mosses.

When discussingeproduction it is impdant to define standardsetause lots odifferent
terms are in use by different scientiskie definition o reproduction (production of a new,
physiologically independent plant) givéy Mishler (1988)is adopted hereéReproductionis
sexual (generate) if the new plant develops from a spore that itself results from -cross
fertilisation and meiosisand is vegetative (asexualf the new plant develops from a
mitotically produced cell without crogertilisation.

Already Hofmeister (1851) mentioned vegetative reproduction inJungemanniopsida
Marchantopsidaand Anthocerotopsidabut not inBryopsida For Bryopsidahe only noticed

that one can find several dioecious species which produce every year lots of archegonia but
one will never find fruitingplants becaise no male plants apeesenin adistancethatcan be
covered by spermatozoid$ience the question arises how these bryophytes reproduce.
Researching this questioGorrens (1899)published the first compendium on vegetative
reproduction inBryopsida which even today is a standard workthis field of bryology. A
general classification of reproduction modes in bryophyts be found inLongton &
Schuster 1983). This classifications still underdiscussionand has beeradvanced several
times. Urbanska(1992) suggestdor example that vegetative (asexual) mgoluction s.I. can

be splitinto two basic types: (1) vegetative reproduction s.str. with + spssigbropagules,

and (2) clonal reproduction, i.e., disintegration of genetic indivedudo morphologically

and physiologically independent dividuals, the rametg,(Frey & Losch 2004. This leads

to the nomenclature used in this studgd Table )1 which is based on the classification by
Longton& Schuste(1983)but was extendedby Pfeiffer (2003 andSchaumanif2005).
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Table 1. Reproduction modes in bryophytéafter Frey & Kirschner pers. comm., based on Longton & Schuster
1983, Pfeiffer 2003 and Schaumann 2005)

A Vegetative (asexual) reproduction s. |
1) Vegetative (asexual) reproduction s.str. (with = specigked propagules)
a) Regeneration from + speds#ld caducous organs (stems, branches, leaves etc.)

I Leaves and | eaf apices
i Caducous | eaves (complete nor mal | ea
I Brood | eaves (differentiated from no
i Caducous | eaf apices (leaves with ab
] Leaf fragment s (Il eaves br eadem al ong

fragments)

T N Sise@branchds and stems (caducous defined stem and thallus parts)

i Caducous shoot apices (often |ittle

i Caducous branchlets (condensed and d

T Caducous f | ag eubnté brdnchesmvithsvhstigiak lsaveg, aat t e n
leaf axils)

i Bulbils (highly condensed, with | eaf

I Caducous perianths

I Cladia (smal/l branches devel oping on
b) Production of speciaskd propagules
i Protonemal brood cell s
T Br oodgemadi e s,
i Protonemal gemmae (gemmiferous proto
I Gemmae s.str. (produced on various f
coastal, axillary, cauline, gametangial or endogenousrgag)
I Rhizoidal tubers and rhizoidal gemma

2) Clonal reproduction

a) Production of numerous buds on the protonema of a single Seweral
gametophytes are produced by the decay of the protonema.

b) Decay of older gametophyte parts leading to disjunction of the younger parts.

c) Development of new arial shodt®m stoloniferous or rhizomkke subterranean
shoots.

d) Initiation of arial gametophytic shoots on pads the rhizoid system (rhizoid
wicks).

e) Production of basitonic innovation plants in cauline position.

f) Innovation from shoot or brandfuds. Primordia, which are regularly pitaced in
many mosses, but normally, remain dorm{&ney, 1974)

g) Fragmentation (unspecis¢d) of gametophytes.

A Special case: reproduction with asexual sp

Spores produced sexually after selfing, vetpegaclone selfing or spore clone selfing between
genetic identical individualgNewton& Mishler 1994)
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2.2 Diaspore dispersal

When sudying clonal diversity in small bryophyte populatipras understanding of the
dispersal potential of diaspores dather sexual or asexual origin is essentiafferences are

to some poinobvious, for instance betweenostly large vegetative diaspores (like brood
branches or fragments resulting from decay of older shoot parts) and small sexual spores,
which suggestshort and longange dispersal respectivelyut in fact thee are not the only
differences, furthermore the diaspores differ indispersability, the effectiveness of
establishmentthe amount of resources required from the parent plant (S6derstromatf94)

in theproducechumber.

Although the princifes of generative reproduction are cledispersal distances as Was
establishment of spores avery difficult to track inthe field (Séderstrom 1994). Hence
experimental studies on dispersal of sporesthose of deposition rates close to the mother
patch (e.g.,Séderstrom & Jonsson 198%immerer 1991a Miles & Longton 1992,
Stoneburner et al. 1992)he study by Stoneburner et al. (199Bpws thatup to 94% of the
sporesare deposited within a shodrrge(2m) and that 1% cabe faund up to 15 m from the
source, suggestingatthefractionthat isnot caughtis dispersed even further. Additionally it
seemghat although longrange dispersal seens e very likely,not all spores are equally
sutable for longrange dispersalof hundreds of kilometres)A strong correlation between
spore size and fraction deposited within a couple of meters isilwksdy Crum (1972),
During (1979), Soderstrom & Jonsson (1989) and Miles & Longton (1982)y suggesthat

only spores up to 2@5 um in diameterseem to be stable for longrange dispersaand
could be dispersed by md for many hundreds of kilontes. On the other handifferences in
spore dispersal are not only caused by diameter of the, speyeae also a result of different
other factors likdandscape surfag@egetation cover, wind velocity, wind direction, structure
of the sporogoinm (e.g. length of the seta, peristom) and the survival of spores during long
rangedispersal which was studied fagn Zanten (1978).

Vegetative diaspores on the other hand may have an improved probability of rapid and
successful establishment compared to spores (Newton & Mishler 1994), because of the larger
sizeand the amount ohitial resourcesWhereas the mawector for spore dispersal seems to
be wind, a great amount of vegetative diaspores is likely to be not disperselg within a

very shortrange(1i 10 cm) from the parent colonyke Kimmerer(19910 reports. Especially
diaspores resulting from clonadproduction (e.gfragmentation) willmostly stay at or close

to the mother plant because these diasporesusually (at least in most pleurocarpous
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mosses) entangled within patches (Pfeiffer et al. 2006). If dispersal wégkéativediaspores

occurs patterns are affected by the microtopography of the habitat (Kimmenéouag
1996)and by the type and size of the diaspores (Soderdrdterben 1997)Depending on

area and structure of the diaspores wind can be a dispersal agent for vegetativesjiaspo
especially in Arctic and Antarctic regions (Miller & Ambrose 1976; Mufioz et al. 2@Q4)

to a lesser extent in other regions (During 1997). Iitigpeases, water miglte a suitable

vector for dispersal of vegetative diaspores, especially dovpe,skong rivers and streams

and in estuaries (Jog & During 1977,Pfeiffer et al. 2006). Other dispersal vectors are
different animals from ants to wild bo&Bus scrofpand roe der (Capreolus capreolys
(compare, e.g., Heinken 2000, Heinken et a012King 2003,Rudolphi 2009). Also birds,

which often use mosses as nesting material, are possible vectors for dispersal, if they are
migratory birds also for longange dispersal (Davison 1976). Besides wind, water and
animals, dispersal by human actieg should not be neglected (on purpose or accidentally).
Especially pleurocarpous mosses played for a long period a role as packing material and were
transported for this reason nearly worldeii(compare, e.g., Dickson 19&&hofield & Crum

1972, Lewinsky & Bartlett 1982, Miller & Trigoboff 2001). Also dispersal in clothes (Van
Zanten & Pocs 1981), by forestry activities and the frequent use for decoration in floristry are
possibly involved in the dispersal of vegetative diaspores.
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3 Materials and methods

3.1 Studied species

3.1.1Pseudoscleropodium purum

Brachytheciaceae

Pseudoscleropodium pururfHedw.) M. Fleisch. ex Broth.
in Engl., Nat.Pflanzenfam., ed. 2, 11: 395. 1925

Hypnum puruni. ex Hedw., Sp. Musc. Frond.: 253. 1801

Brachythecium pururHedw.) Dixon. Stud. Handb. Brit. Mosses: 410. 1896
Sleropodium purunfHedw.) Limpr. Laubm. Deutschl. 3: 147. 1896

(Koperski et al. 2000)

The systematic placemenf Pseudoscleropodium purwwasfor a long timenot clear, it was
either placed inScleropodum or in the genusPseudoscleropodiunRecentmolecularand
morphologicalfindings showed that Scleropodiumis monophyletic(Vanderpoorteret al.
2005, having a basal position in the Brachythecioideae subfamjly whereas
Pseudoscleropodiurpurum is accorihg to molecular data placed the Eurhynchioideae
subfamilywithin the Brachytheciaceagcompare e.gHuttunen & Igratov 2004, Huttunen et

al. 2007 Frey & Stect2009.
3.1.1.1Morphology

Plants robust,dioecious in loose, pale green to yellowigineen wefts, in which the
metabolically active parts become separated from the underlying soil by a layer of dead and
decompsing shoots, BL5 cm high. Stes creeping or ascending, remotely pinnate or
subpinnate, not radiculose; stems and branches softlgepla. Leaves concave, rounded
obtuse and abruptly apiculate at the tip. Stem leaves crovide8l &im long. Branch leaves
1.5'2 mm long. Setae elongate, smooth, reddish530nm long. Capsules strongly inclined
to horizontal, 22.5 mm long. Calyptra naked®pores 1113 um. Capsules rare, autumn,
winter. Rhizoids rare (compare, e.g., Bratus 1923Wigh 1972, Crum & Anderson 1981,
Méagdefrau 1982Buck 1998 Bates & Duckett 20006mith2004).

Chromosome number: n = 7 Japan; ni4® Central Europe; n = 1Rritish Isles,Poland,
Norway, Sweden and Finlaf@rum & Anderson 198Jritsch 1991).
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3.1.1.2Reproduction

Sporophytesrare in present timedut were according to herbarium material foumdore
frequentlyaround 1900n Germany(Nebel & Philippi 2001) Rardy fruiting in Great Britain
(Smith 2004). Not fruiting in North Americad&wton 1960, Lawton 1971Crum & Anderson
1981). Asexual reproduction by fragmentation, through decay of older shoots, resulting in

disintegration of shoots, thus forming ramét.g.Longton & Schuster 198King 2003.
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3.1.1.3 Ecology

Perenniagl in calcareous to mildly &lic situations, on soil, rockand treebases In at least
partly shaded habitats, in grassland,roadsides, banks, heaths, in marshaayries, woods
(especially in grassy places or almgs of coniferous woodlandahd on clif ledges (Crum
& Anderson 1981, Heyn & Herrnstadt 20@mith 2004).

3.1.1.4 Plant communities

K Hylocomietea splendesti O Hylocomietalia splendentis, V Pleurozion schreberi
(Marstaller 1993)VC Pleurozion schreberi, typical companion in VacciRioeetea, frequent
in DicranePinion and Piceion abietis (Nebel & Philippi 2001); Ass.: Pleurozietunelsahr
(Drehwald & Présing 1991). It occurs in Pleurozion schrebefhlaspietea, Molinie
Arrhenatheretea, Festu@®ometea, Koeleri€Corynephoretea, Callurdlicetea, Erico-
Pinetea, Alnion incanae alercion ilicis (Dier3en 2001).

3.1.1.5General estribution

Europeandmperate distributiondg.g.,Frahm& Frey 2004 Smith 2004) Pseudoscleropodium
purum is common in central and western Eurogeg(, Stormer 1969Hill et al. 2006
including Fennoscandia where the range is markedly southern and western (Dickson 1973).
The astern border of the more continuous distribution seems to pass through Lithuania and
the eastern parts of Poland, Slovakia, and eontklungary. There are extensions of the
distribution area east to the Carpathians in Romania, Greece, Bulgaria, ang. Taok¢ed
occurrences are found in southdtfimland and in the western and southern parts of Russia
(Stormer 1969)e.g., StPetersburg, Belgorod and RostoDonu (Ignatov& Ignatova

2004). The moss is also found in most parts of Italy and the nodhdrvestern parts of the
Pyrenean Peninsula (Stérmer 1969). Beyond continental Europe it occurs on the British Isles,
Iceland, the Azores, Madeira and the Canary Islands (Mé#éleffrigoboff 2001). It is
presumably native to Europe but now widespread dumttoduction, often with nursery
stock (Buck 1998)It was probably introduced to the Atlantic islands of St. Helena and
Tristan da Cunha as packing material of young trees (Dickson 1@6W¥)iddle and South
America it is found in Jamaica (Bartram 1936)rgentina (Buck 1998), Chile (Alle&

Crosby 1987) andBrazil (Schafeiverwimp 1989). It is adventive in North America:
Newfoundland, Nova Scotia, Ma@anMassachusetts, Michigan, New Hampshire, New York

and on thewWest Coast from California to British @mnbia, where it grows comonly in
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lawns, gardens andemeteries (Awton 1960, Miller & Trigoboff 2001, Crum 2004,
Schofield 2008)and Hawaii (Hoe 1971).t loccurs in Israel (Hey& Herrnstadt 2004),

Réunion, Sri Lanka (Townsend 197SputheasternAustrdia (Victoria, New South Wales

and Tasmaniacompare, e.g.palton & al. 1991, Hedenas 2003treimann& Klazenga
2002), New Zealand (Lewinsk§ Bartlett 1982),Japan(lwatsuki 2004, Taiwan (Wang
1970), S Africa (Arts 1998,0'Shea 2006and northernAfrica (Algeria, e.g.,Nebel &
Philippi 2001).

The distribution in Germany is shown in Fig. 1, the worldwide distributidfign2.

Fig. 2. Worldwide distribution ofPseudoseropodium puum accordingto various authors (cited iohapter
3.1.1.5 anddistribution mapdy Schofield & Crum (1972pand Stdrmer (1969)Areas with lowdensities are
marked by hachures, uncertain araas areas without exact locality informatiare marked by inteogation
marks.
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3.1.2Pleurozium schreberi

Hylocomiaceae
Pleurozium schreber({Brid.) Mitt.
J. Linn. Soc., Bot. 12: 537. 1869

Hypnum schrebefVilld. ex Brid., Muscol. RecentSuppl. 2(2): 88. 1801
Entodon schrebe(iBrid.) Monk.
(Koperski et al. 2000

3.1.2.1Morphology

Plants mediunsized to rather largalioecious in pale green to yellowish green patches or
coarse wefts, sometimes extensive. Shootsi 6 4/ 18) cm long; stems deep red, erect
ascending from a decumbent base, central strand pdesgloped, outetayer of cells
undifferentiated.Shoots complanately pinnately branched, branches short and of uniform
length along stems, often slightly dowuarved. Leaves loosely imbricate, 28 x I 1.5 mm,
making stems and branches somewhat jualeg;esiem leaves ovate or broadly ovatsuse

or rounded; margins incved above, entire; costa very shaibuble; cells incrassatéasal
trapezoid to elliptical, alar cellsangular, yellowbrown to brown, forminglistinctauricles,
cells above linar, in midleaf 6.510.0 x 60132 um, 816 times as long as wide. Branch
leaves smadlr, obtuse to acuminate. Seiad 3 cm long, thin, smooth, retivisted.Capsules
inclined, 22.5 mm long, ovoid, curved; lid conical, obtuse or apiculate. Peristom double
exostomen teeth yellow, finely papillose throughout, endostomen pale yellow with tall basal
membrane, processes keeled with widely gaping perforations, cilia wealloged. Spores
rubiginose, (1R)141 18( 20) um, finely papillosesporophyte productiom spring. Calyptra
cucullate, smooth, nakeddmpare, e.gBrotherus 1923Wynne 1945Lawton 1971 Crum

& Anderson 1981Magdefrau 1982Rohrer 1985Kuta et al. 1998Nebel & Philippi 2003,
Smith 2004.

Chromosome number: n = 5 Europganada British Columbig, USA (Michigan), Japan
(e.g, Crumé& Anderson 198]1Fritsch 1991).

3.1.2.2Reproduction

Pleurozium schrebeis very raréy fruiting in Great Britain and northerEurope (Longton &
Greene 1969&mith 2004), but is mentioned to produce sporoghyather freely in Finland
(Huttunen 2003). ArctiqCanadian Arctic, Svalbardnd northern Sib&) specimenswith

sporophytes are unknown (Kuc 1997). Sporophytes have not been observed in the Neotropics
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(Gradstein et al. 2001). Nearly no fruiting speammeare known from Badewurttemberg
(Germany) after 1950whereas there arets of fruiting herbarium specimens from earlier
periods. In other German parts it is described to béyrareting (Nebel & Philppi 2001)
During fieldwork (2005 2008 four populations with sporophytes southern Berlin and
Brandenburg (Berlin ForddUppel, Saarmund, Lobten, Kétheanhd aone populationwith
sporophytes in Thuringi@ietzhausen)wvere found.

Observationsby Stoneburner(1979) suggest that clumping of sexanay influence the
probability of fertiisation and therefore the production of sporophytes.

According to Crum(20049 and Gradstein et al(2001) no apparent asexual structures are
known. Longton& Schuster(1983) note that caducous leavemcluding both normal
vegetative andspeciailsed diminutive leaves, regularly beconaetached from the parent

shoots.

3.1.2.3Ecology

Perennial with life strategy of the perennial stayer type (During 1979), according to Dierf3en
(2001)a competitive perennial. On husywsoil and other substrata. In dry, open woods, also
in bogs and wet, coniferous forests, sidagrassland, scree, on hea#ms sanetlunes.from

01 2000 m sometimes higér (up to 5000 m iBhutan e.g.,Gangulee 1980)considerecan
indicator of acid sis (compare, e.gL.awton 1971Crumé& Anderson 1981Smith 2004).

3.1.2.4Plant communities

K Hylocomietea splendentis, O Hylocomietalia splendentis, V Pleurozion schreberi
(Marstaller 1993); VC Pleurozion schreberi, typical companion in Vac@idedea, frequent

in DicranaPinion and Piceion abietis (Nebel & Philippi 200Aks.: Pleurozietum schrebri

AC (Drehwald & Preising 1991). It occurs Rleurozion schreberi, Ptilidiblylocomietum,
Allusuro-Athyrion, PotentillePolygonion, Caricion ferruginei, OxycocceSphagnetea,
LoiseleurioVaccinietea, CallundJlicetea, VacciniePiceetea, less frequently Seslerietea,

FestuceBrometeaandAdenostyletalia (Dierf3en 2001).
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Fig. 3. Distribution of Pleurozium schreber{green)in Germanyaccordingto Meinunger & Schréde(2007)
Sampling localitieof Pleurozium schrebeiin Germany(and Salzburgare marked.Plot localities (Sil1,Sil2
and Saarml) are especially indicated.
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3.1.2.5General estribution

Circumpolar boregemperate distribution. Europe north to Icelaf@roe IslandgSmith
2004) and Svalbard (Kuc 1978risvoll & Elvebakk 1996, southeast to Caucasus and
Turkey, west to Azores and Madeira (Smith 2004). In the western hemisphere ifaGudeen
(Lewinsky & Mogensen 1979), Canadian Arctic (Kuc 196997) to Alaska and south
(principally in uplands) to north North Carolina, Arkansas, Colorado, Idaho and Oregon
(compare, e.g.Wynne 1945 Crum & Anderson 1981 Mexico, Costa Rica (Sharp et al.
1994)and northern South America (Colombia, Venezuela, Peru and BaigiaDelgadillo

et al. 1995). Aross northern and central Asia (Himalaya) (Hill et al. 19%4ith 2004),
southern China (Yunnan) (He 200Bhutan Japan (Gangulee 198@vatsuki 2004), Korea
(Horikawa 1971) and in Africa i&thiopia (Ochyra & Bednare®chyra 20020'Shea 2006

The distribution in Germany is shown in Fig. 3, the worldwide distribution in
Fig. 4.

Fig. 4. Worldwide distribution ofPleurozum schreberaccordingto various authoréseechapter 31.2.5 and
differentdistribution mapge.g, Sjo6din1980)
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3.1.3Rhytidiadelphus squarrosus

Hylocomiaceae
Rhytidiadelphus squarrosu@Hedw.)Warnst.
Krypt.-Fl. Brandenburg, Laubn2: 918. 1906

Hypnum squarrosura. ex Hedw., SpMusc.Frond.:281 1801
Hylocomium squarrosuifHedw.) Schimp.
(Koperski et al. 2000)

3.1.3.1Morphology

Plants robustdioecious pale green to yellowish, in coarse tufts or wefts, sometimes
extensive, often brownishelow. Shoots to 15 cm long; stems erect or ascending at least at
tips, towards end reddish, elsewhere reddish brown, concealed by sheathing leaf base,
irregularly or sometnes sparsely pinnately branchedaiBches short or sometimes long and
attenuate. Leges not plicate; stem leaves strongly squser(Smith 2004),i31 x 1.52 mm

(branch leaves often smaller, e.gawton 1971), at tips crowded rendering tips stellate in
appearance, from sheathing broadly ovate basal part narrowed to long acuminate apex;
margins plane, denticulatgbove; costalouble extending 1/41/3 way up leaf; basal cells
narrowly rhomboidal, alar cells enlarged, hyaline or coloured, forming distinct group, cells
above lineaelliptical, smooth, in mideaf 69 x 40 80 (186) um, 710 (112) times as long

as wide (Smith 2004). Se#dbout 2 3.5 cm long (Brotherus 1923), flexuose, sometimes bend

or twisted. Capsules horizontal 185 mm long (Crum & Anderson 1981), ovid, gibbous; lid
conical, acute. Sporesil®) um. Capsules rare, winterfith 2004).

Chromosome number: n =@reat Britain PolandGermany;n = 8 Finland;n = 10 Great

Britain, Denmark, Sweden, Latvia, Ukraine and Japaawton 1971,Crum & Anderson

1981, Fritsch 1991 Smith 2004).

3.1.3.2Reproduction

Sporophytes are rarin Great Britain and Germany (compare, e.g., DuUll 198zbd &
Philippi 2003, Smith 2004) and unknowin Greenland (Lewinsky & Mogensen 1978).
Vegetative reproduction is not describggmmae aréacking (Hill et al. 1994), but Nebel &
Philippi (2001)predict that shoot fragments likely act as vegetative diaspores. Correns (1899)

mentions that protonema can be formed on intersections of stems.
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3.1.3.3Ecology

Wide ecological tolerance, occurring on all but the most acid soils in a variety of grassy
habitats, including sheep pasturemadside verges, woodland rides, lawns, dunes,
streamsides, ditches and marsfiddl et al. 1994), sually wheredamp, from0Oi 1225 m {

1700 m)(Smith 2004)

0 50 100 km
————}

Jagerhof 4

p 25

)
Bohndorf Lindow.

Haseliinne
(]

)
Berlin
Pankow (B1)

Lindena
Bleicherode °
o

Treffurt
'Frankenau (]

y Nennsdorf
Ruppichterroth )
®

Dietzhausen (Sil3)
4 Saalburg

[ )
Lengfeld

Bayreuth
s

Fig. 5. Distribution of Rhytidiadelphus squarrosygireen)in Germanyaccordingto Meinunger & Schrdder
(2007) Sampling localities oRhytidiadelphus squarrosiis Germanymarked Plot localities (B1 and Sil3re
especially indicated.
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3.1.34 Plant commuities

K Molinio-Arrhenatheretea (Nebel & Philippi 200100 Hylocomietalia splendwis
(Marstaller 1993Nebel & Philippi 2001)

3.1.3.5General estribution

European boretemperate (Smith 2004). Widespread throughout Europe north to Svalbard
(Kuc 1973), Faroe Islandsind Iceland (Smith 2004), rare or missing in Lapland (Koponen
1975). Suth to Caucasus, Turkepxzores andMadeira (Smith 2004). Common in South and
West Greenland, local in East Greenland (Lewinsky & Mogensen 1978). In North America
from Newfoundland and Labrador to Ontario and Michigan, south in the mountains to North
Carolina and Tennessee (not common in eastern North America), throughout the boreal
coniferous forest zone of Canada, in the west from Alaska and Aleutians south to Oregon and
Nevada at higher elevations (compare, &teere 1978Crum & Anderson 1981 North and

East Asia: ChinaKorea, Russia (He 200%8)nd Japan (Ilwatsuki 20Q4ntroduced in New
Zealand Hill et al. 1994, Espie 19974and Tasmania (Dalton 1997). The Gerndstribution

is shownin Fig. 5 the worldwide distribution in Fig. 6

Fig. 6. Worldwide distribution oRhytidiadelphus squarrosacordingto various authorésee chapter 3.3.5
anddifferentdistribution maps€.g, Sjodin1980. Areas with ucertain dimensions are marked in light green
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3.2 Study areas

3.2.1 Topography

Field work was carried out in differembcalities in Thuringia, Berlin and Brandenburg.
Altogether six plots of different size (depding on habitat coittbns, see Table 2as well as
threesites formorphoecologicalanalyss (gapre-colonisation, only in Brandenburglose to
plot NH1) were setFor detailed information and BratBlanquetplant sociological releds

(BraunBlanquet 1964%3ee appendiAl.

Table 2. Localisation of investigategopulationswith collection date andt size.

Plot Sill Sil2 Sil3 Bl NH1 Saarm1l
Locality Dietzhausen Dietzhausen Dietzhausen Berlin-Pankow | Neuehdtte Saarmund
Country Thuringia Thuringia Thuringia Berlin Brandenburg Brandenburg
Collection date 14.05.2007 14.05.2007 14.05.2007 16.10.2006 16.05.2007 13.06.2006
Latitude 50A3504650°35452’'N |50A35064952A3363§52A5262352A180653
Longitude 10A3560410°35'04.7'E 10A35607113A2461313A50064513A06063]1
Altitude [m a.s.l.] 428 433 377 54 63 78

Altitudial zone montane montane montane lowland lowland lowland

Plot size 15 m? 12 m? 15 m? 6 m? 35 m2 18 m?
Investigated species E ;E?Li?eri P. schreberi R. squarrosus | R. squarrosus | P. purum P. schreberi

3.2.1.1 Thuringia (Plots Sil1, Sil2 and Sil3)

Three plots were set in the south@tmuringianForest in the valley Béarental (ségg. 7 and

Fig. 8 close to the village Dietzhausen, whighpart of the city Suhl. The three plots are
named Sill (50A35046.800NFiglPNBI2ZEOAB5NISEE2&D
10 A3 5 & Eldv. 43%nd, sedig. 10, and Sil3 6 0 A 3 5 d4150. AG36506E El@v. 3I¥D 6

m, seeFig. 17). Plot Sil1 and 32 are situated within a Vaccini@bietetum Oberd. 195ih

eastern expositiorwith high densities ofPseudoscleropodium pururand Pleurozium

schreberi Sil3 is located on the edge of the forestramsitionto open grasslan{Molinio-
Arrhenatheretea R. Tx1937) which is freqently used by flocks of sheep, here

Rhytidiadelphus squarrosimiilds huge patches and dominates the vegetation
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Fig. 7. Localisation of the

plots Sill (1), Sil2 (2) Sil3

(3, and a sporophyte
discovery of Pleurozium
schreberi (S) in the valley
Barental Railroad black,
river blue, side roads and
forest roadsyellow. Ground
layer by Google maps
(10/2008) overlay TK 10.

Fig. 8. View into Bérental

valley in Soutrern direction

Plot Sil3 (3) and location of
sporophyte  discovery of
Pleurozium schreberi (S)

marked.
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Fig. 9. Plot Sil1 (Thuringia)
with Pseudoscleropodium
purumandPleurozium
schreberipatches

Fig. 10. PlotSil2 (Thuringia)
with Pleuroziumschreberi
patchesaandaVaccinium
myrtillus cover

Fig. 11. Plot Sil3 (Thuringia)
nearly totally coveretdy
Rhytidiadelphusquarrosus
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3.2.1.2 Berlin (Pbt B1)

Plot B1 G 2 A 3 3 ®]N3183. 246K, IERV. F4anseeFig. 12 is located in BerlilPankow
on apublic lawn Molinio-Arrhenatheretea R. Tx. 1933aatgrasland)Schubert et al. 200;1)
whereR. squarrosusiominates the vegetation in moist and shpldges Additionally to plot

samplessamples wre collectedn atransectalong the lawredge(every20 m).

Fig. 12. Plot B1(Berlin-Pankow)on public a lawn
between ZillertalstraRe and Maximilianstrafiiéh large
Rhytidiadelphusquarrosugpatches

3.2.1.3 Brandenburg (Plots NH1 and Saarm1)

Two plots were set in Brandenburg, one south of Berlin cldsethe village Saarmund
(Saarm1:5 2 A 1 8 &N5133. A00066E 3Elev. IH 1D, se€ig. 13 on top of a glacial sand
dune in transition between Leucobry®inetum Matusz. 1962 and Vaccinio \iikaeae
Quercetum petraeae Oberd. (1957) 1992. The other plot is situated north of Berlin in a
douglas fir plantation(e.g., Schubert et al. 20Q1between Britz and NeuehUt{@NH1:

52 A5 2 NARB.ABHAGE E£RVv. A3dndeeFig. 14 close to the city Eberswalde.
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Fig. 13. Plot Saarm1
(Brandenburgyluring fieldwork
(usingamapping frame)
collectingPleuroziumschreberi
samples

Fig. 14. Plot NH1(Brandenburg)
with Pseudoscleropodium purum
patches

3.2.2Gap recolonisationexperiments

Close to plot NHlthree small plots of 58m x 50 cmwere set within pure colonies &f
purum both vegetation rad litter layer were removedhe recolonsation was observednd
photographicallydocumentedor a period of two years (four times a year)
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3.2.3Climate

The climate in the Brandenburg/Berlin study areasubcontinental with mean annual
temperatures from 8.3C (Angerminde), 8.7 °C (Potsdam) and 9.2 °C (Beibahlem). The
annualmeanprecipitation is 532 mm in Angermmigle, 578 mm in BerliDahlem and 592 mm
in Potsdam. The mean annual temperature in the southern Thorfaiestwhere plots Sill,
Sil2 and SiB are set is 6.9 °Ghus 1.4 °Clesscompared to Angernmide and2.3 °C less
compared to Potsdam. The annosanprecipitation is with 560 mm, 18 mm less than in
Berlin-Dahlem(Muhr 2007).

1 Angerminde 53°02'N 2 Berlin-Dahlem 52°28'N
56 m 14°00°E 51 m 13°18°E
] 1961-1990 ] 1971-2000
: Cfb 83°C : Cfb 92°C
3061 532 mm G 578 mm
© 50
ol 25
25
T T T T T T T T T ~50
1 2 3 4 s () 7 8 10 1] 4
month
3 Potsdam 52°23'N 4  Meiningen 50°34'N
81 m 13°04'E 450 m 10°23°
] 1961-1990 ] 1961-1990
. Cb e - Cfb <
3061 592 mm 3061 660 mm
0o

Fig. 15. Climate diagrams of study are@diihr 2007, modified), showingelevation [m a.s.l.Jcoordinatestime
period average temperature (redyverageprecipitation(blue) and climae classificationaccordingto Kottek et
al. (2009 (Cfb = C: warm temperate, f: fully humid, b: warm summeék) Angerminde referring to the climate
of NH1, (2) Berlin-Dahlemreferringto B1, (3) Potsdanreferringto Saarmland(4) Meiningenreferringto Sill,
Sil2 and Sil3
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3.3 Sampling of plant material

3.3.1 Method of ampling

Sample material was taken frosvery patch ofPleurozium schreberi, Rhytidiadelphus
squarrosusandPseudoscleropodium purwwithin therespectiveplots

Pleurozium schrebemwas collected in plots Sill, Sil2 and Saarm1.
Rhytidiadelphus squarroswgas collectedn plots Sil3 and B1
Pseudoscleropodium puruwas collected implots Sil1 and NH1.

One to several shoo{gepending on patch sizejere collectecand air-dried in paper bags

The location wasnarkedon amap (ratio 1:10)with the help of a sel€onstructedvooden
fimappingframe 0 ( 1seeFig. 8. A map of each plot can be foundappendix A4.

The vascular plant and terricolous bryophyte vegetation of every plot was conducted
according to themethod ofBraunBlanquet(1964) For each plot the following dataere

recordedsee appendill):

Location with coordinates (determined with GPS Garmin Gecko)
Altitude a.s.l. (determined with GPS Garmin Gecko)
Altitudial zone

Exposition (determined with a Recta compass)
Inclination [°] (determined with a Recta compass)
Relief

Coverof tree and shrub layer [%pproximatioi
Cover of herb layer [%approximation

Cover of bryophyte layer [Ydppproximation

Ground cover [Y%]approximation

Height of tree layer [m{approximation

Height of shrub layer [mapproximatiof

Height herdayer [m] (approximatiof

= =2 4 A4 -4 -4 -5 -2 -5 -5 -4 -5 -5 -2

Plot size [m?]
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Additional plart material from other German populations (for detasl see appendix)n
MecklenburgWestern PomeranigMV), Brandenburg(BB), Berlin (BE), Saxony (SA),
Thuringia (TH), Lower Saxony(NI), Hesse(HE), NorthrhineWestphalia(NW), Bavaria
(BY), BadenWurttemberg(BW), and from pepulations in Austria, Slovakia anBllovenia
were collectedluring field trips(2005 2008)andair-dried in paper bags

3.3.2Foreignspecimens

Foreign airdried plant materialwaskindly providedby K. Thomas(France, T.L. Blockeel
(England),P.J. Dalton(Scotland andAustralia) andwW.B. Schofield(Canada). Aditionally

the herbaria(S) Naturhistoriska Riksmusee$tockholm;(MUB) Herbarium Universitatis
Murcicae (MHA) Main Botanical Garden, MoscoWmCHR) Allan Herbarium, Landcare
Research, NZand (JE) Herbarium Haussknecht, Jepeovided material from Belgium,
Norway, Sweden, Finland, Poland, Greece, Italy, France, Spain, Portugal (Azores and
Madeira), Israel, United States, ri2ala, Russia and New Zealafior details see specimen

list in appendixA2).
3.3.3 ldentification oRhytidiadelphuspecimens

Giving credit to the continuous discussion, whetRersubpinnatuss a distinct species with
clear genetic differences or n@tompare, e.g., Koponen 1971; Korpelainen et al. 2008;

Vanderpoorten et al. 2003) an@dause of continuous problems with discrimination and

Table 3. List of characters usddr discrimination betweeRhytidiadelphus squarrosasd Rhytidiadelphus
subpinnatuspecimens in order of importance for identification. @htars suggested by (1) Kopor(@871),
(2) Vanderpoortert al.(2003) and (3) Miller (1995).

Characters R. squarrosus R. subpinnatus

up to 4 or 5 layers
(own observation often 37 4)

(21)2i 3 stratose
(own observation often 2i 3 or less)

Stem cortex (including
epidermis) (2)

from ovate base narrowed into a
reflexed or squarrose, longly and
finaly acuminate point

narrowed from a triangular or
cordate base into a reflexed or
squarrosely acuminate point,

Stem leaves (1,2,3)

cells wide, width varying between
6.01 9.5 um

cells narrow, width varying between
4.0i 8.5 pm

Median leaf lamina (2)

Branching (1,2,3) irregularly pinnate, or branching

few, secondary branching absent

mostly pinnate, secondary
branches sometimes present

Stem (1,3) concealed by sheathing leaf base not concealed by sheathing leaf

base

Branch leaves (1)

lowest often silmilar to stem leaves,

upper longly acuminate, not only
slightly undulate or plicate, teeth
smaller

lowest mostly clearly different from
stem leaves, upper shortly
acuminate, often strongly undulate
or plicate, teeth corase

Growth habit (1,2,3)

dense mats or tufts, stem apex
often erect

loose mats, creeping, often
depressed
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misidentificatons of Rhytidiadelphus squarrosusnd Rhytidiadelphus subpinnatug was
plamed to include samples d&®. subpinnatuss an outgroup in the AFLP fingerprinting.
Because the identity of some material was doubtful all specimens coming from other than
own cdlections wereagain determinedlhe identifications werearried out according to a

list of characters suggested by Korpelainen et al. (2008), Muller (1995) and Vanderpoorten et
al. (2003)(seeTable 3. The best characters for identification were stemegolayersof

middle stem part¢seeFig. 16, shape of stem leaves, median leaf laming &md lesser
extent branching. Ae branching system only suits as an additional chardsemause
secondary branchinganalsooccur inR. squarrosugaccording ® own observations), even
though it seems to be very rare. For the identification of herbarium material the growth habit
turned out to be unsuitable because in most cases details are not well documerded or
comparable. In the end tw. subpinnatusnisidentifications were revealed, one from Russia
and onefrom the USA.Both were together with two other RussiBn subpinnatusamples

included in the molecular analysis.

. 100 pm ,
I 1

Fig. 16. Stemcrosssections ofRhytidiadelphus squarrosi$) and Rhytidiadelphus subpinnatyg) with focus
on the number of stem cortex laydlsft 3i 4, right 1 2) in middle stem partg§pictures by S. Fritz and Dr. R.
JahnZeiss Axioplan, with Zeiss AxioCam MGmBotanic Garden and Botanical Museum BeBiahlem).
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3.4 Morpho-anatomical analysis

The ollected shoots were investigated by binocular (Leica MS%3@0, light transmission
microscope(Zeiss Axioplan)and scanning electron eroscope(Leo 430) witha special
focus on features of vegetative repraditut s.|. See chapter 2)1 but also on those of

generative reproduction.

3.5 Preparation of plant material for molecular analysis (AFLP)

Green apical branches dd 1 cm in length were cleaned manually (using binocular
microscope, steriléweezersand pure water) and by ultrasound. After cleaning the material

was dried and stored in silica gel Orange (Roth) until use.

3.6 Molecular analysis - AFLP Fingerprinting

3.6.1 Method

The AFLPtechnique aims at detecting amplified fragment length polymorphisms by
combination ofrestriction and PCR procedures.climprises (i) digestion of total genomic

DNA using two restriction endonucleases and ligation of desténdedoligonucleotide
adapters (of known sequence) to the restriction fragments, (ii) selective amplification of sets
of these fragments using generic primers that match the adapter sequences, but have one
(preselective PCR) or meoRCR) dnd(si)egsl electrophbrbesss 3 6
and detection of amplified fragmer(d¢os et al. 1995)Because th&FLP-techniquedepends

on good DNAquality it was tried to use fresivhenever possible and herbarium material not
older than ten years.

3.6.2 Used prtocol

For detection and visualisation of fragments, the original AFLP prot@tatbeau & Vos
1993, Vos et al. 1995uses radioactively labeled primers. In this study a protocol with a
biotin-streptavidin detection system introducedRigiffer et al. (208) was used (with slight

modifications) A list of used chemicals, biochemicals and enzymes can be fodradie 4
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Fresh, silicagetlried and herbarium material of the mos$seudoscleropodiunpurum,
Pleurozium schreberj Rhytidiadelphus squarrosuand Rhytidiadelphussubpinnatuswas
groundusng a mixer mill MM200 (Retsch).

DNA was extractedising the NucleoSpiRlantextraction it (MachereyNagetinc., Easton,

PA, USA). DNA concentrations were determined by spectrophotometry and set to 100 ng/ul
with deionised HO (in most cases the concentration was less than 100 ng/pl, in this cases the
extraction product was used without dilutioRNA was digested by incubation with 2 pl

Ri bonuclease | O6A6 (0.5 Og/O0l) per 100 Ol DN
The restriction mix containedcdRl (2.5 U) andTrull (=Msd; 1.5 U), 2.5 pl 10x
OnePhorAltbuffer, deionised D ad 25 ul, and 2.5 pl of diluted DNA (300 ng/ul
genomic DNA). After incubation for 3 h at 37°C, 5 pl of the ligation cocktail were added to
each digestion sample [0.5 HcdRI-adapter EA+/ (5 pmol/pl), 0.5 plTrull-adapter TA+

(50 pmol/ul), 0.25 pl ATP (25mM), 0.25 pl T4 DNA ligase (~2 U), T4 ligase buffer 10x (0.5
pl) and deionised D ad 5ul]. The mix was incubated for 3 h at 37°C or pigt at room
temperature.

Two PCR reactions were carried out in a Biometra Tpersonal thermocycler, a preselective
amplification withEcoR | + A-GAGTE&C GTA CCA ATT AA-3 6] Maeh d C -GAB 0
GAG TCC TGA GTA AC-30] foll owed by s el e cptimew e amy
combinations were tested witRseudoscleropodiunpurum Pleurozium schreberiand
Rhytidiadelphus squarrosus’'wo combinations were selected feach specieshé best
results(high levels of intraspecific polymorphismgood readability antbw failure rate in

all three species were achieved using 5 biotinyl&edR| + AAC [5-GAC TGC GTA CCA

ATT CAAC-37] / unlabeledMVsd + CAT [5° GAT GAG TCC TGA GTA ACAT-3'] and
unlabeledecaRIl + AGG [5-GAC TGC GTA CCA ATT AGG-37] / 5" biotinylatedMsd +

CTA [5-GAT GAG TCC TGA GTA ACTA-37]. All primers were purchased from Roth

For the preselective PCR 0.375 pl eaclEotRI+A andMsd+C (50 ng/ul) were mixed with

1.25 pl 10x PCRouffer (Y), 2.5 pl 5x Enhancer Solution P, 0.25 pl dNifix (2.5 pmol/ul

of eachdATP, dCTP, dGTP and dTTP), 0.125 WhdDNA polymerase (5 U/ul) and
deionised HO ad 11 pl. 1.5 yl DNA template from the digestion/ligation solution were
added; the sample was covered by 10 ul €bit 14 Liquid Wax. After preselective PCR (2

min at 94°C 20 cycles of 30 s at 94°C, 30 s at 60°C and 1 min at 72°C, final extension for 5
min at 72°C, cooling to 4°C), the samples were diluted 1:9 with deioniged H

Selective PCR volumes contained 0.4 pl dNTR, 2 pl 10x PCRbuffer (Y), 4 pl 5x
Enhancer Sation P, 0.2 ul (50 ng/ul) primeEcoRI-ANN, 0.6 ul (50 ng/ul) primeMsd-
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CNN, 0.2 ul TadODNA polymerase (5 U/ul), 7.6 pl deionised,® and 5 pl of the diluted
preselection PCR products, overlaid with 15 pl C@ilit 14 Liquid Wax. PCR parameters
includeda touchdown cycling with 5 min at 94°C, 11 cycles of 30 s at 94°C, 30 s at-65°C
58°C (0.7°C in each cycle) and 1 min at 72°C, followed by 22 cycles with 30 s at 94°C, 30 s
at 56°C and 1 min at 72°C, final extension for 2 min at 72°C, and cooling toAMf&e.
removing the ChilOut 14 Liquid Wax 7 ul StojLoading bufferSequiTherm Excel lwere
added to the selective PCR samples.

DNA fragments from the selective amplification were separated in polyacrylamide gels of 0.4
mm thickness using the S2 sequegc system (GIBCO BRL, Life Technologies,
Gaithersburg, MD, USA), allowing the simultaneous run of 50 san(dés in the study

with new combs up to 98)After treatment of the larger glass plate with Slakl74
(AdhesionSilare) for 20 min and the smiak one with Dichlorodimethylsilare (RepelSilane)

for 2x 10 min, and careful cleaning with ethanol%§9the plates were assembled. 60 ml of a
6% UreaGel- SequaGel 6 and 8 were subjected to ultrasound for ~15 min; an additional 20
ul TEMED solution ad 200 pl 186 APS solution were added just before pouring the gel.
After polymerisation for at least 2 h, the gel was-pnec. 30 min at 60 W with 1x TBE
buffer (pH 8.56; 0.9 M TrigdClI, 0.9 mM boric acid, 0.5 mM EDTA) and 150 ml 3M sodium
acetate in théower buffer chamber. The PCR samples were denatured for 5 min at 94°C and
immediately placed on ice, then 7 pl of each sample were loaded onto the gel. After
electrophoresisc( 2.5 h at 60 W) the smaller glass plate was removed. A mgkmbrane
(porabla NY amp, MachereyNagel), wetted with 1x TBE, was placed onto the gel sticking to
the larger glass plate and covered by 3MM Whatman paper and a glass plate.

After blotting overnight, the DNAragments were crosslinked to the dried membrane by UV
radiation (2 min at 312 nm). The fragments became visible after application of a standard
protocol based on treatment with streptavidi
5-Bromo-4-chloro-3-indolylphosphatep-toluidinesalt (BCIP) and Nitro blue tetrakilum
chloride (NBT). The membranes (divided for better handling) were incubated for 25 min in
buffer-1 (pH 7.5; 121.14 Jris, 87.66 g NaCl ad 1 | deionised®|, 1:10 diluted before use)

with an additional 1% skimmed milk powder to block unspecific bigdites. After a short
rinsing in bufferl, the membrane parts were sealed in PE foils, along with 30 ml{juéfied

6 ul streptavidin alkaline phosphatase, and incubated for 25 min on a benchtop shaker.
Afterwards, the membranes were washed two timesl@45 min in bufferl, rinsed in
buffer-2 (pH 9.5; 12.114 g Tris, 8.844 g NaCl, 10.165 g Mg&l 1 | deionised D) and
placed in PE foils. Before sealing, 20 ml buffgrcontaining 100 pl NBT and 100 ul BCIP
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suspended in P8 and 1006 N,N-Dimethylformanide, respectively, were added to each

membrane part. After incubation in the dark for abou8 h (depending on staining

Table 4. List of used chemicals, biochemicals and enzymes.

Name ?Aolecular List of suppliers
ormula

5-Bromo-4-chloro-3-indolylphosphate-p-

toluidinesalt (BCIP) CrsHisN20.BrCIP Roth

5x Enhancer Solution P -- PeqgLab

10x OnePhorAll buffer -- Amersham Biosciences

10x PCR buffer (Y) -- PeqgLab

APS Ammonium peroxydisulfate (NH4)2S208 Roth

ATP -- Epicentre

Boric acid H3BOs Roth

Chill-Out 14 Liquid Wax -- MJ Research, Inc.

Dichlorodimethylsilane (2% in 1,1,1- .

Trichloroethan) (Repel-Silane) SICaH.Cle Merck

dNTP-mix (dATP 98%, dCTP 98%, dGTP B Roth

98%, dTTP 98%)

EcoRlI -- MBI Fermentas

Ethanol (EtOH) C2HsO Roth

Ethylenediaminetetraacetic acid (EDTA) C10H14N20gNay Roth

Hydrochloric acid HCI Roth

Magnesium chloride MgCl, Roth

Nitro blue tetrazolium chloride (NBT) CaoH30CI2N1006 Roth

N,N-Dimethylformamide C3H,NO Merck

N,N,N',N'-Tetramethylethylenediamine

(TEMED) CeHi6N> Roth

Ri bonucl ease | 06ADb - usb

Silane A174 (Adhesion-Silane) C10H2005Si Merck

Sodium acetate (NaOAc) C,H3NaO, Roth

Sodium chloride NacCl Roth

Sodium hydroxide NaOH Merck

Stop/Loading buffer SequiTherm Excel Il -- Epicentre

Streptavidin alkaline phosphatase -- Promega

T4 DNA ligase -- Epicentre

T4 DNA ligase buffer 10x -- Epicentre

Taq DNA polymerase -- PeqgLab

Tris(hydroxymethyl)aminomethane (Tris) C4H11NO3 Roth

Trull (Msel) -- MBI Fermentas

UreaGel - SequaGel - 6 and 8 -- national diagnostics
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intensity),the membranes were removed from the foils, rinsed in tap water and airdried. The
applied protocol results ivisualisationof the generated AFLP fragments as purple stains on

the nylon membranes.

3.7 Data scoring and analysis

The AFLP fragments blotted onto membranesrg/scored by eye. Presence (1) absence

(0) of bands were coded in a binary matrix including monomorphic and polymorphic bands.

The resultingmatrixes were imported into FAMD 1.108 bgtachluter& Harris 2006) The

program also supports the input of missing datg., due to blotting errorgnduses random
assignments dband presené@absence to the missing ddtami ssi ng bands wer e
in the binary matrix) Pairwise genetic distances (GD) were cadtad according to the

compl ementary value of J a ¢ ardrtle 68sple-mdtchimgl ar ity
coefficient (SGw):

GD =1- SC
—_ nll —_ nll
SC, = = (Jaccard 1908)
N, +NGE+N,  N- Ny,
+ +
SG,, = LERAL D SEL PR (Sokal & Michener 1958)
n01 + nlO + nll + nOO n

where n is the total number of scored fragments, withand o being the numbers of

fragments present or absenthduor a pair of samplesespectivelySneath & Sokal 1973)

The difference between both coefficients is that the Jaccard coefficigritbkak into account
the bands present in agast one of the two individualand therefore is unaffected by
homoplastic absent bands (when absence of the samasbdund to different mutationsh
contrastthe Simplematching coefficient maxirses theamount of information drawn from
AFLP profile by considering all scored lo@Bonin et al.2007). In analyses the Jaccard
coefficient tends to give lower levels of similarity than Simplatching coefficient

(Douhovnikoff& Dodd 2003) therefore both coeaffients were tested in first place

While dealing withmissing data in the sample sdeccording to reading difficultieand

blotting problemsFAMD®G §Schluter & Harris 2006pption ofrandom assignments of band
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presenceabsence(begween a pair of samgé x and ), was usedfor analygs based on
pairwise similarity The Average similarity optiom FAMD is calculating the range of values

that a data set containing missidi@ta might generateand can beconsideed in data
interpretation In the case ofal c ¢ acoeffibient the interval of possible similarity values is
defined byminimum (SGyy,min) and maximum(SCyy,may V @l u e s o toefficiant, scar d 6 s
thatSGymin O HO  HyGax:

s = n,
C\ny,min -
Mg+ Nyy + N+ Ny, + 1N, + 1, + 1,
sc = My*ngtn,+n,
C(lxy,max -
nl1+n01+nlO+nl?+n’?l+n??

SCixy,min and SCyyy maxare diffaently affected by particulamomparisons, e.d-? comparisons

affect SGyymaxif ? = 1, andSCyxy,min if ? = Q Scoring missing data predominantly as 0 would

increase S&y.min and decrease S max An estimate of the uncertainty introduced by
missingdata i s calculated by randomly drawing Vv
the interval [SGymin, SGxymal @ t i mes. This all ows estimatic

Jaccardodés coefficient.

In the case ofSimplematching coefficient the minimum (SGsuxy,min) and maximum
(SGCsmxy.may) Values ofSimplematching coefficientire defined, so th&GCswxy,mn O Sufg O

SC&Mxy,max-

SCSM = n11 + nOO
Xymin
nll + nOl + nlO + nl? + n?l + nO? + n?O
S — nll + nl? + n?l + nO? + n?O + n?? + nOO
CSMxymax -

nll + nOl + nlO + nl? + n?l + nO? + n?O + n?? + n00

Based on the distance matrixes of Jaccard coefficient and Smgithing coefficient
UPGMA (Unweidited Pair Group Method with Arithmetic Mean) (Sokal & Michener 1958)
and NJ (neighbor joining) (Saitou & Nei 198ifkes were calculated. Whereas UPGMA
assumes a constant rate of evolution, Nbased on the minimwm@volution criterion for

phylogenetic trees, i.e. the topology that giresimal total branch length is preferred at each

-32-



Materials and methods

step of the algorithmBootstrap vales were performed with Jaccard and Simpbaching
coefficient, UPGMA, 10000 replicates and 1000 maxtrees in FAMD.

Similar to the study of Pfeiffer et al. (20060ly samples with GD = 0 were counted among
clones.Very close related samples are discdsas possible dividualgamets)of the same
clone(because of possible PCR and/or reading errors) but were never counted among clones.
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4 Results

4.1 Morpho-anatomical analysis

4.1.1Pseudosleropodium purum

4.1.1.1 Plotand patcltdescriptions

Pseudoscle®podium purumwas collected within the plots NH1 362 (Brandenburg) and
Sil1 15m2 (Thuringia). Within these plotB. purumforms numerous patches of different size
from a few centimeters in diameter to nearlynd The largest patches were located wt pl
NH1 with 3 patches > in2 whereas the largest patch@sSill areappr ¥ m? (he spatial
distribution is shown imappendixA4.2 and A4.5). Additional plant maerial from further
German anddreign populations (se23 and appendiXA2) was induded inthis study All
together 66specimens were closely observed in morphatomicalanalysis(see appendix
A3.1).

4.1.1.2 Generative reproduction

Morpho-anatomicalanalysis of P. purum patches and plants fromlogs NH1 and Sil2
revealed no hints gbresem or past geerative reproduction, such gsosophytes (observed
over a period of 3 years), archegonia or antheritdie. findings in one plarftom plot NH1

are urcertain,becausen the rotten basal pait shows smalktructureshat may have been
archgonia or antheridia.

Eight out of 31 plants of additional (German andréign) origins showedarchegonia (7) or
antheridia (1), in threplants the gender remains uncertain because of the condition of the
gametangia.Female fants with archegonia came fo Germany (Thuringia,Hesse
NorthrhineWestphali, Sweden, Spain, Azores, France and Englandthe only male plant
from the Azores. All other plants included in this study showed no sign of generative
reproduction.

4.1.1.3Vegetative reproduction

The nmorphoanatomical examinations & purumplant material showetthree morphological
structuregrobablyfunctioning as means of vegetative (asexual) reproduction s.I.

(1) Detached shoots (ramets) separated through decaying and subsequent dismtafgratio
(older) shoot parts. Thiseems tdhe dominant vegetative reproduction mode: In all patches
examined, most plants showed decaying basal shoot parts, resulting in highly fragile shoot
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Fig. 17. Vegetative diaspores s.str. B$eudoscleropodium purujgcanning electromicroscopgSEM)
photog. (1) Brood branch/branchlet with rhizoid®). (3) Caducous shoot apewth (4) well-developed rhizoid
growth.(5) Caducos shoot apewith starting rhizoid gowth (6) resulting from lateral hole. Lateral holiesthe

apical parts of the sten(g) and(8).
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systems, their disintegration leading to separation of raith&isgton & Schuster 1983,
Pfeiffer et al. 2006)for growth forms se€ig. 3Q

(2) Brood braches/branchlets sengborrens (1899)were only observedhree times in
herbarium material. The observbbod brancheshowedbasal rhizoid growtlrig. 171i 2)

and had a length af, 9 andl8 mmrespectively

(3) Caducous shoot apices (with basal rhigpbgknsu Corren(1899). These structures 674

mm length were foundighttimes either separately or loosely attached to the tip of shoots in
fresh awn herbarium collectionsHg. 17.3i 6). Two kinds of caducous shoot apicegre
observed Firsty, caducais shoot apices with well developed rhizoids extending from the
central part of the abscission zon&ig. 17.3i4) were found separately in the material.
Secondly,plants with lateral holes in the apical part of the st@ere observedvhere
caducous shootpéces were still loosely attachéal the tip of the shoot. In thesases rhizoid
development was mostly in anrlyastage Fig. 17.5i 6).

From 66 specimen®bserved, with an average 08.4 (+ 31.4) greenshoot apiceper plant

an average of 4.4 (x 7.8reen shoot apices were missing and could not be found in the
collected materialAdditionally to these findings lateral holésf uncertain origin)n apical
stem parts were observadd werdnterpretedas early stages of caducous shoot development
(seeFig. 177i 8).

4.1.1.4Gap recolonsation

With the aim of finding potential diaspores amatural environmenadditional to the other
observationsthree small plots (5@m x 50 cm) were sewvithin pure colonies oP. purum
close to NH1(seeFig. 18. Similar to the study oHeinken & Zippel(2004)both vegetation
and litter layer were removed and thecrdorisation was observeevery 3montts. Similar to

their descriptionP. purum showed a rapid growth and gaps wereco®nsed very soon.
Whereas Heiken& Zippel (2004) set gaps df m? which were recolonised after three years,
the smaller gaps set in this study were neaompletelyre-colonsed within one and a half
year (sed-ig. 181i 3).

Targeting theprocessof re-colonsation the main mechamss were according toown
observationgcompare Heinken & Zippel 2004advance of surrounding shoots from the edge
into the gaps by clonal growtand dispersal of detached single shoots as well as larger
clumps of multipleshoots into the plotsresultingin new colonies by continuing growth.
These detached single shoots are a result of decaying and subsequent disintegration of older

shoot partgclonal reproduction)This seems to be very commonHAnpurumand was found
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in high frequencies. The dispersditheserametsas well as the dispersal of larger clumps of
multiple shoots, is most likelyausedy animals (like wild boar, deeand birds) wind, water
and man Smaller diaspores like brood branches/branchlets addcous shoot apices were
not obsened during the gape-colonsation experimentbut thesesmdl diaspores are easily

overlookedn field.

Fig. 18 Gap recolonisation in a

Pseudoscleropodium purupatchin

Brandenburg (1) Installation of an
artificial gap (50cmx 50 cm) in aP.

purum colony on 19.08.2006(2)

Sameplot on 16.05.2007¢coveredby

lots of looseP. purumfragments(3)

Sameplot on 23.02.2008gap nearly
re-colorised
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4.1.2 Pleurozium schreberi

4.1.2.1Plotand patch descriptions

Pleurozium schrebewas collected within the plots Sil1 15 m? (Thuringia), Sil2 12 m?
(Thuringia) and Saarm1 18 m? (Brandenbuiithe @mtches within these plots differ in number
andsize. The largest patches are located ih $il2 were one patch covers nearly 9 amd in
plot Saarm1 were fourgpt ches are O 1 m] . The spati al
appendixA4.3, A4.4 and A4.5. Additional plant mgerial from further German anarieign
populations (se2.3and appendiA2) was included in this study amshalysed

4.1.2.2Generative reproduction

No gametangia and sporophytes were found in Sill, where& 2 only | plants with
archegonia and in Saarml badth (with antheridia) and plants (with archegonia and
sporoplytes) were foundOf the 85 plants includedn the morpheanatomical analysis (see
appendix A3.2pnly one ofthesix I plants did not com&om Saarmlit was found on the
mountain Kleiner Gleichberg (Thuringiappr 20 km south ofSill and Sil2. Altogdter 31
plantswere identified a$ (six with sporophytes), six ds and 48showed neither archegonia
nor antheridiaFive out of sx plants with sporophytes included in this study were found in the
region Berlin/Brandenirg (all in steep terrain) he othe shootwith sporophytes was found
one year after the main colleatiavas takenn autumn 200@&ppr 100 m from plot Sill, in
steep terrain (30°)n a patch ofc. 1 m2? withabout 50other shootsvith sporophytes. It was
the only observation of sporophytes Thuringia duringthe period of examination (2005
2008), whereas the closest focus was on the area surrounding plots Sill anBe8i&le
plants with archegonia came from Germany (Brandenburg, Thuringia, HBssER
Wirttemberg and Bavapialtaly, Sweden, England, Russia, Ecuador and USA (Alaska). All
other plants included in this study showed no s@frpossible generative reproduction.

4.1.2.3Vegetative reproduction

The norphoanatomical examinations ofP. schreberi plant material shows four

morphological structures functioning as means of vegetative (asexual) reproduction s.|

(1) Detached shoots (ramets) separated through decaying and subsequent disintegration of

(older) shoot parts. This dominant vegetative reproduction mode was discowerdd i

examined patches, most plants showed decaying basal shoot parts, resulting in highly fragile



Results

P. schreberi

Fig. 19. Vegetative diaspores s.str.Bleurozium schrebe(ili 2 and %6) [scanning electromicroxope(SEM)
photos] (1) Caducousshoot apexwith (2) well-developed rhizoid growthEarly stages of caducus shoot
developmen(3) lateralstemholewith rhizoid developmeni4) later stage(5) Brood leafwith (6) basalrhizoid
growth (7). Shoot apexwith lateral holeof unknown causg7). (8) Tip of side branch with rhizoids.
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shoot systems, their disintegration leading to separation of réseetsig. 30).

(2) Brood branches/branchlets serdoarrens(1899 were observedwelve times loose and
attachedn the plant mateal. The observed brood branchesre branched, had a lengih9

to 14 mm anghowed basal rhizoid growth

(3) Caducous shoot apices (with badatoids) sensu Correns (1899). Thesectures of b7

mm length were foundix times sepataly in freshor herbarium collectiongFig. 191). All

six showedwell developed rhizoids extending from the central part of the abscission zone
(Fig. 192). Like in P. purum plants with lateraholes in the apical part of the stem were
observed regularlyin this case possible caducous shoot apices were still loosely attached to
the tip of the shoot, the rhizoid development was at diffestaigiegseeFig. 193i 4).

Of the 85 specimensobserved, with an average 88.2 (+ 21.9) green shoot apices, an
aveaage of 57 (x 7.7) green shoot apices were sirgy and could not be found in the collected
material.

(4) Brood leaves sensLiorrens(1899. Two leaves with basahizoidswere found separately

in the observed plant matakiFig. 195i 6).
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4.1.3Rhytidadelphus squarrosus
4.1.3.1Plot and patch descriptions

Rhytidiadelphus squarrosusas collected within the plots Sil3 15 m?2 (Thuringia) dd

(Berlin Pankow 5 m2and in an additional 150 m long transect along the saimen lawn

Both plots are nearlgompletely covered bRR. squarrosusvhich dominates the vegetation. In

both cases patches are much bigger than plot size. The spatial distribution within the plots is
shown inappendixA4.6 andA4.7. Additional plant meerial from further German andreign
populations gee appendixA2) was included in this study arahalysedas well as five

Rhytidiadelphus subpinnatgamples

4.1.3.2Generative reproduction

In both R squarrosusPlots Sil3 and Blgametangia (archegonia and antheridiggre
observedIn SII3 I andl plants withantheridiaandarchegoniarespectivelyjn B1 only |
plants (with archgonia) were found. Altogethé4 R. squarrosussampleswereincluded in

the morpheanatomicalanalysis(see appendix A3.3%1 of theseshowed archegonia (two
sporophytek 8 antheridiaand 35showed neither archegonia nor antheridia.

The main collection was taken in autumn 2006e twoincluded plants with sporophytes
were found in spring 2007 anic spring 2008 during repeatke observation of the plot
localities. In the year 2007 aery small spot ofplants with sporophytesvasobservedn the
study area Barentdtlose to Sil3, whereas in spring 2008 lots of plants with sporophytes
were observe@ (mostly in steep terrain) in Barentahd surrounding areas well asin
Lengfeld No sporophytesould be found in other areas apart frohuringia

In generall plants with archegonia were found in Germany (BeMecklenburgWestern
PomeraniaBrandenburgl.ower Saxony Thuringia, Hessand Bavari Norway, Sveden,
Poland, Englandand Russia. Male plants were found in Germany (Thuringia), Belgium,

Sweden, Russia, Spain and USA (Alaska).

4.1.3.3Vegetative reproduction

The norphcanatomical examinations oR. squarrosus plant material shoed three
morphologcal structures functioning gsossiblemeans of vegetative (asexual) reproduction

s.l. (1) Detached shoots (ramets) separated through decaying and subsequent disintegration of
(older) shoot parts seems to be possililgesnearly all plants examineshowal decaying

basal shoot parts, but is not as obvious & purumandP. schreberi
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R. squarrosus

R. squarrosus 100pm p———

R. squarrosus R. squarrosus

Fig. 20. Vegetative diaspores s.str.Rhytidiadelphus squarrosiiScanning electron microscope (SEM)
photos].(1) Caducous shoot apeth (2) well-developed rhizoid growtl{3) and(5) Brood branch/branchlet
with correspondinghizoids(4) and(6).

(2) Caducous shoot apices (with basal rhizoids) sensu Corr@®3)(I'hese structures of 3 to
3.5 mm length were fountthree timesslightly attacled a tangled in herbarium materigtig.

20.1) all threewith well developed rhizoids extending from the central part of the abscission
zone Fig. 2Q02). Plants with lateral holes in the apical part of the stegre observed

sporadically. Fom 84 specimesanalysedwith an average of 15.1 (x §.greenshoot apices,
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an average of 1.4 (x 2.9reen shoot apices were missing and could not be found in the
collected material.

(3) Brood branches/branchlets sen€orrens (899, were observedix times loose b
attached irthe plant material. Thedwood branchébranchletsshowed basal rhizoid growth
(Fig. 203 6) and had a length &fto 16 mm.

4.2 Molecular analysis

In this studysix sample setScer and Suw (from Pseudoscleropodiumurun), Pser and Ryw
(from Pleurozium schrebexiand Rger and Ryw (Rhytidiadelphus squarrosusvereanalysed
(cer= Germanyyw = world-wide). Sample set sizeof of max. 50 sampleseresetbecause of
physicallimitations bythe S2 sequencing systefonly the setPser hadmoresamples because
of new equipment in the end of the stydyrhe AFLP analysis wagerformedwith two
primer combinations eachb’piotinylated EcaRl + AAC / unlabeledMsd + CAT and
unlabeledecaRl + AGG / 5 biotinylatedVisd + CAT). The dtained results foeach sample

sd are summased inTable 5
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Table 5. Matrix statistics oPseudoscleropodiumurum Pleurozium schrebeandRhytidiadelphus squarrosus

sample setased in molecular analysissing FAMD.
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4.2.1Pseudosleropodiumpurum

Altogether67 P. purumsamples werenoleculaly analysedin two sample sets)ncluding 10
samples from Sill, 26om NH1, 15 further Germaramples, 13 European and 3 wovide
samples

4.2.1.1German sample s€Bge)

The48 German samplesalysedin this setyielded a total number of 139 loci (Missing Data:
0.4%%). The rumber of polymephic loci found wa 104 = 74.8, whereas the samples from
NH1 showed 4733.26) polymorphic locias well as the samples from plot Silthe 48
samples comprexd 45 AFLP genotypes.

In both plots (NH1 and Sil1) clonesudd be identified. Clon&il1lS1compriseswo samples
(Sil1-C2-S222 and SiltC3-S223) of the same patchCloneNH1 comprises three samples
(NH1-B2-S20, NHXA1-S4 and NH31A2-S5) from the same geh in plot NH1; two other
analysedsamples from the sanpatchshowed small differencas Clone-NH1 sampleNH1-
A3-S10with GD; = 0.0133GDsv = 0.0073and NH1-A3-S9 with GD; = 0.0263GDsy =
0.0145 Pairwise genetic distances between NH1 samples vaoeudr(in CloneNH1) to
GD; = 0.2236GDsy = 0.1377 between NHiE2-S80 andNH1-A1-S2. In Sill genetic
distances varied from O (in Clo/&1S1) to GD; = 0.3171GDsy = 0.1940between Sil1A5-
S111 and SiltB4-S173. Altogetherpairwise geetic distancesvere higher in $11 with a
meanof GD; = 0.1783than inplot NH1 with a mean of5D; = 0.1007(for further information
seedistance matrix imppendix A5.]1

Based on the distance matrice$ J a c ¢ a r @i SMcsedffiolant(seerappengiAb.1)
UPGMA treeswerecalculated of which theJaccardJPGMA treeis shown(SM tree showed
identical topology)in Fig. 21 It showstwo main clusterdA and Bwhich are supported bg
bootstrap value of 100 (from Jaccard UPGMA, 10000 replicates)Cluster A comprises
sanples from southwest Germaiiycluding all samples from SiJ1Cluster B includes all
samples from northeast Germaifiycluding all samplesfrom NH1), within this clade
bootstrap suppor{BS) is below 50%, despite Clone NH1 (BS 100%airwise genetic
distanceqJaccardpetweernsamples otluster Aversus samples ofusterB varied fromGD;

= 0.3488to GDy = 0.5258with a mean ofcD; = 0.4268 The number of polymorphiloci in
cluster Ais 71 = 51%, whereas the number of polymorphaci in cluster B $ 60 = 43.%.
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Sil1-A4-S8
Sil1-A2-S1
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Fig. 21 Sger UPGMA dendrogram (calculated in FAMD) based on Jaccard distances between German
Pseudoscleropodium purusamples.Numbers abovend belowbranches ardaccardand Simplematching
bootstrap values > 86, respectivelyfrom 10000 dr aws ;;Sill = samdleggreanlfrem Baientaln t
(Thuringia), NH1 = sampleg§ed) from Neuehiitte (Brandenburglonesand clusters (A and Bjre especially
indicated.
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4.2.1.2 Worldwide sample séww)

The 36 smplesanalysedn this set(20 German, 13urther European andhreeworldwide
samples)yielded a total number of 147 locMissing Data: 0.5%). The number of
polymarphic loci found was 111 = 784 Like in the sample setgs two dusters A and B

were famed(seeFig. 22. The two clusters are supported by a bootstrap value of G/AP

and 58/606 (B) (from Jaccardand SM UPGMA, 10000 replicateshree samples are not
clearly included in the clusters A and B, the samples from Sweden and Scotland are
associated with cluster A, whereas the sample from Spamups with cluster BWithin

cluster A 59.96 outof 147loci werepolymorphicwhereasn cluster B only 44.% of the loci
werepolymorphic Cluster A comprises samples from southwest Germany, assvetimples

from Slovakia, Italy, Greece, Slovenia, France, Azores, Madeira, England, New Zealand,
Australia and Canada.In cluster A samples of Bad Urach and Slovakia

(BS 8790%), Azoresand Madeira (B®6/73%), Frankenau and Schoénerberg (BS 63657
Dietzhausen, Geraberg, SiB4-S173 and Clone Sil$1(BS 51/5246) clustertogether, wthin

the latter clade samples ofl5cluster together with 74/%8 bootstrap supporiCluster B
comprises samples from northeast Germasch cluster together (BS 58/66) and differ

from the sample fronSpain In each tustercloneswere found.Like in Sser Clone SillS1
compriseghe two samples SHC2-S222 and SiltC3-S223. The second Acl on:
the twosampledNH1-A1-S4-brl and NH2A1-S4br2 from the same plarwhich were taken

to testwhethertwo different branches of the same plant lead to identical AFLP banding

patterns.
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Fig. 22. Syw UPGMA dendrogram (calculated in FAMD) based on Jaccard distances between worldwide
Pseudoscleropodiumupum samples.Numbers above and belolranches ardaccardand Simplematching
bootstrap values > 8@, respectivelyf r om 1 00 0 8fendale plans ; | | = m&ill e sapples from
Barental(Thuringia), NH1 = samples from Neuehutte (Brandenhugstersare especially indicated
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4.2.2Pleurozium schreberi

Altogether 85P. schreberisamplesvereincluded inthis part of thestudy,20 samples from
Sill, eightfrom Sil2, 14 from Saarm122 further @&rman samples, 15 European and six

world-wide samples

4.2.2.1 German sample $8%e)

The 52 Germansamples andne sample fromSalzburg Austria) analysedin this set
(inclusive plots Sill, Sil2 and Saarmgielded a total number of 15@ci (Missing Data:
1.20%). Number of polymorphic bands fount¥42 = 89.86; Saarml1 114 = 719, Sil1 93 =
58.8%; Sil2 79 = 49.%. The 53 samples comprised BELP genotypes.

The JaccardJPGMA tree shownn Fig. 23(for distance matrix see appendi®.2), shows a
clusterwith samples of thelot Sil1 and a cluster with pldbil2 samples.The cluster Sill
comprises all samples @lot Sil1 and the sample SiR1-P18from the adja@nt plot Sil2.
The samplesrbm SaarmIform two clusters,cluster Saarm1f with mostly female plants and
cluster Saarmlm with generaltyale plantsthe sample Saarm1A2-P5and SaarmIC3-P29
areseparatedrom both clustes.

In plot Sil1 one clone was idéfied, the CloneSil1P1 comprised the two samples SA1-P1
and SiltA2-P3. In the Jaccard UPGMA tree Cle8#1P1 clusteredogether with Sil1tA1-P2
(GD; = 0.0337/GIRy = 0.0191 BS 10®%), all three samples were from small patches found
within the quadant (Al). Other \ery close related samplegere (possible belonging to a
clone) Sil1-C1-P141, Sil1-C1-P142, Sil1-C1-P143 (from the same patch; G 0.0117
0.0174/GRyv = 0.0064 0.0095;BS 85 86%) and SiltC1-P15.

Pairwise genetic distances between SiHmples varied &m O (in Clone SillPlto a
maximum ofGD; = 04451GDgy = 0.2771 betweenSil1-C3-P17 and Sil1-B4-P13. In Sil2
genetic distances varied fro@D; = 0.2114GDsy = 0.1134 between Sil2B4-P31 and Sil2
B3-P27 (vhich cluster together witBS 6165%) to a maximum ofGD; = 0.3847GDsy =
0.2524between SilZB1-P20and Sil2A2-P5as well as SilB1-P20and Sil2B4-P31 Mean
Jaccardyenetic distancem plot Saarml(GD; = 0.3788)aremuch higher than i&ill (GD; =
0.2646)and Sil2(GD; = 0.2510)andvariedwithin plot Saarmlrom GD; = 0.2290between
Saarm1Al-P1 and SaarmAl-P2 (BS 90%) to a maximum ofGD; = 0.5859 between
Saarm1A2-P5 and Saarm1C1-P23 (for further information see distance matrixappendix
A5.2).
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Fig. 23. Pger UPGMA dendrogram (calculated in FAMD) based on Jaccard distances between German
Pleurozium schrebesamplesNumbers above and beldwanches ardaccardand Simplematching bootstrap
values > 50, respectivelyfrom 10000 dr aws; , | I == f e&iileSi2pTFpshnpled from
Béarental (Thuringia), Saarm1l = samples from Saarmund (Brandenbeeaghples from different plots are
indicated bydifferentcolor, clustersare especially indicated
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Other clustes with goodbootstrapsupportwere Geraberg | and Geraberg Il (BS 70/72%) as
well as Rennsteig and Berchtesgaden 1l (BS 84/88%), togedtiecclusters form a clade with

Berchtesgaden I, Nennsdorf and Salzburg.

4.2.2.2 Worldwide sample s@®yw)

The 43samplesanalysedin this set 22 German,15 furtherEuropean andix world-wide
sample} yielded atotal number of 235 lociMissing Data: 0.05%). Number of polymoiph
bands found: 224 = 994 in all Europearsamples207 =88.1%; in Germansamplesl66 =
70.6%. The 8 samples compriset3 AFLP genotypesJaccard an&implematchinggenetic
distances wergery high throughout the sample set and vafiech GD; = 0.32268GDgsy =
0.1339between England | and Englandtd a maximum ofGD; = 0.8760GDsy = 04732
betweerthe samples Russia | and Keulrod Tfar further information se distance matrix in
appendix A5.2 In both UPGMA treestested(Jaccardand SM) tendencief relationships
were shown but clear relationships remain somewhat ambig&ous Jaccardnd Simple
matchingUPGMA trees areshown inFig. 24). Bootstrap supparin all clades ielow 50%.
Samples Russia |, Russia Il and Russia VI shothedgreatest differences compared to all
other samples included. Samples from U@¥askg alwaysclustertogether as deamples
from Scotland, EnglandndEngland Il Other regularly observed clusters &légerhof MV,
Neuehitte BB][Kothen BB, Lébten BB][Sil1-B4-P13, Dietzhausen THRnd [Mdnchberg
BW, Waldenbuch BW]
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Fig. 24. Py UPGMA dendrogram (calculated in FAMD) based on Jacftap) and Simplematching(bottom)

distances between worldwideurozium schrebes a mp | e s . Bootstrap values are b
femal e pl ant ;Sill= samplesaflorBargnthl@utingia), Saarml = samples from Saarmund
(Brandenbury
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4.2.3Rhytidiadelphus squarrosus

Altogether77 sanples of R. squarrosugndfour of R. subpinnatusvere included in thipart
of the study,23 samplesrbm Sil3 and seven close to Sil3, niinem Bl and threeclose to
B1, 17 further @rman samples, 16 European and sewenld-wide samples(the latter

including the fouR. subpinnatusamples)

4.2.3.1German sample s@Rge))

The 45 sampleanalysedn this setyielded a total number of 170ci (Missing Data: 0.0%).
Numberof polymorphic bads found: 161 = 94%; Sil3 120 = 70.66; B168 = 40.0%. The
45 samples comprised #48-LP genotypesno clones were found

Pairwise genetic distances between SiEmples varied from G3= 0.0814GDsy = 0.0412
between the samples Sif8l-R11 and Sil2A1-R12 (BS 65%71%) to a maximum ofGD; =
0.5418GDsy = 0.2825between Sil2A1-R1 and Sil3A4-R24.

In B1 genetic distances varied from GH 0.1299 GDsy = 0.0588between BiA2-R7 and
B1-A2-R8 (BS 84/88%) to a maximum ofGD; = 0.4421GDsy = 0.2471between Bi1A1-R5
and BXA3-R13 MeanJaccardyenetic distanceare higher in Sil3 (Gp= 0.2817 than in B1
(GD; = 0.232) (for further information sedistance matrix in appendix A%.3

The Jaccard UPGMAtree Fig. 25) showsa cluser with samples fronBerlin, including
sample SHR115 but excludinghe Berlinsample B1R23 Significant bootstrasupport is

only gained for subclustevgithin the Berlin and Thuringialusters.

-53



Results

Fig. 25. Rger UPGMA dendrogram (calculated in FAMD) based on Jaccard distances between German
Rhytidiadelphus squarrosusamples.Numbers above and belolranches ardaccardand Simplematching
bootstrap values > 50%espectivelyfrom 10000 dr aws; , | 4 mak planty&al,|Sil, Sg3 a n't
(green)= samples fronBarental(Thuringia),B1 = samples fromBerlin-Pankow(red).
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