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Abstract

 1. Abstract

Lethods using environmental DNA to eQIlore and analyze biodiversity from Ireviously 

uneQIlored habitats and ecosystems have become increasingly IoIular in recent years: 

/his is Iarticularly due to the Iotential reduction in necessary taQonomic eQIertise, the 

oIIortunity to assess microorganismal communities, and decreased time investments 

rejuired  to  cover  large  sIatial  eQtents:  ün  forests,  the  surface  of  tree  bark  is  an 

imIortant habitat for eIiIhytic diversity:  Because of the large surface area rich in micro-

niches,  the seasonal  stability  of  the substrate,  and the longevity  of  trees,  tree bark 

surfaces Irovide an ideal habitat for many sIecies: ün fact, bark surfaces are known to 

suIIort a diverse community of macro- and microorganisms, desIite the challenging 

environmental conditions, mainly related to nutrient scarcity and low water availability:  

Lany of the bark-associated organisms contribute considerably to forest functions such 

as nutrient cycling: ;et, we lack a comIrehensive understanding of their communities 

and the environmental  drivers behind the community assembly:  /hese missing links 

hinder the eQIloration of the forest microbiome as a whole and limits our understanding 

of functions of a large forest habitat and its connections to other forest microbiomes: 

Using  eDNA metabarcoding  we  can  Irofile  the  microbial  communities  and  identify 

drivers of  community  assembly:  With  a holistic  aIIroach encomIassing samIles  of 

ma%or taQonomic grouIs 2e:g: bacteria, fungi, and green algaeV, as well as simultaneous 

collections from multiIle forest habitats we can contribute to closing these gaIs and 

increase our knowledge of the forest microbiome: 

Ly dissertation is set within the framework of the Biodiversity EQIloratories and 

was conducted in four IartsP ü: the establishment of an eDNA metabarcoding workflow 

to reveal  the local  diversity of the bark surface microbiomeé üü:  the uIscaling of the 

method to large geograIhic and environmental gradients to uncover the drivers of the 

microbiomeé üüü:  the integration of soil  and bark samIles to investigate comIositional 

differences in two imIortant forest habitatsé ü.: the evaluation of eDNA metabarcoding 

as a tool for biodiversity assessments of lichen diversity in forests:

ün the first Iart, ü develoIed a simIle, cost-effective and fast samIling strategy to 

acjuire  eDNA samIles  from the  bark  of  trees  in  forest  ecosystems:  Using  readily 

available medical-sIecimen-collection swabs ü samIled bark surfaces of individual trees 
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in 5entral German forests and used metabarcoding to amIlify marker genes of green 

algae, fungi  and bacteria:  From the sejuencing reads ü  calculated the first  diversity 

estimates of the ma%or organismal grouIs of bark surface microbiomes from 5entral 

EuroIean forests: Bacteria were the most diverse grouI, followed by fungi and algae:  

Rverall the diversity was highly influenced by the size of the tree 2as a IroQy for ageV 

and the significantly lower diversity  of  older trees suggests a  Irocess leading to  less 

diverse microbial communities over time: Furthermore, ü could show through microbial 

networks that the  three organismal grouIs are strongly connected and co-occurrence 

Iatterns reveal a connecting nature of bacterial taQa in the bark microbiome: Rverall the 

methodology  Iroduced  reliable  results,  allowing  for  an  eQIanded  samIling  in  the 

second Iart: 

ün the second Iart of the dissertation, ü  eQIanded the samIling based on the 

results  of  Iart  one:  ü  collected bark  surface samIles  from the three regions of  the 

Biodiversity  EQIloratories  covering  large  sIatial  and  environmental  gradients 

reIresentative for 5entral EuroIean forests: /he collection included comIosite samIles 

from  H&3  Ilots  and  over  T&3  trees:  Utilizing  measurements  of  climatic  and  forest 

structure  variables  Irovided  by  the  Biodiversity  EQIloratories,  as  well  as  my  own 

community data, ü identified the biotic and abiotic drivers behind alIha and beta diversity 

of the bark surface microbiome: ü aIIlied linear modeling to study resIonses of alIha 

diversity,  as  well  as  Generalized  Dissimilarity  Lodeling  to  reveal  the  non-linear 

resIonses of beta diversity: While the abiotic conditions greatly influenced the alIha 

diversity,  the  community  comIosition  was  determined  by  mutual  biotic  interactions 

between the taQonomic grouIs: /his suggest an influence of the abiotic environment on 

the number of taQa occuIying the niche, but not which taQa occur: /he strong effect of  

mutual  biotic  associations  underline  the  Iotential  for  close  interactions  in  the  bark 

microbiome, which could be related to beneficial eQchanges: 

ün  the  third  Iart,  ü  studied  the  differences  between  the  bark  surface  as  an 

uneQIlored and the soil as an eQamIle of a well characterized forest microbiome: Using 

only the fungal Iart of the large samIling camIaign and soil samIles obtained from the 

same Ilots  at  the  same time,  ü  assessed the commonalities  and differences of  the 

micro-communities  of  these  distinct  forest  niches:  Furthermore,  ü  included  two 
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coniferous and one deciduous tree sIecies to eQamine, if the effect of tree sIecies, 

Ireviously shown for soil microbiomes, also holds true for the bark surface: ü showed 

that  the  two  forest  niches  2bark  surface  and  soilV  contain  a  significantly  different 

community, but the few taQa shared between them account for a large IroIortion of 

sejuencing reads: /he effect of tree sIecies on the bark surface microbiome was small 

but  significant:  Furthermore,  co-occurrence  networks  revealed  taQa  Iotentially 

connecting the two microbiomes, thus indicating a connecting function of bark surfaces: 

ün the last Iart of my dissertation, ü used eDNA in a more aIIlied way as a tool in 

biodiversity  assessments  of  lichenized  fungi:  ü  comIared  the  results  from  eDNA 

metabarcoding to an eQIert floristic maIIing conducted in the same Ilots in 033TO0339: 

ü assigned functional guilds to the fungal taQa obtained in the large samIling camIaign 

and used a subset that was assigned as lichenized fungi: Rnly 0&á of the total number 

of sIecies were shared between the two methods, and both identified a Iarticular set of  

sIecies: ün the floristic study many inconsIicuous taQa were Iotentially overlooked or 

not  distinguishable,  while  the  biggest  challenge  of  the  eDNA  were  incomIlete 

databases: xowever,  eDNA can be a useful  comIlimentary tool  for  assessments of 

lichen biodiversity, in Iarticular for the identification of taQa that are small and easily 

overlooked, or hard to distinguish morIhologically: 

ün conclusion, ü showed that eDNA metabarcoding is a valuable tool to reveal the 

unknown diversity  of  microorganisms in  forest  ecosystems:  ün  Iarticular,  my results 

advance our understanding of the bark surface microbiome, an undereQIlored habitat 

within  forests:  /he  tightly  linked  interactions  of  the  three  ma%or  microbial  grouIs 

underline  that  studies  need  to  take  holistic  aIIroaches  across  multiIle  taQonomic 

grouIs  to  deeIen  our  understanding  of  Irocesses  governing  the  assembly  of  

microbiomes: Furthermore, the differences between forest micro-niches clearly indicate 

the need to include more than one habitat if we want to understand the functions and 

connections  in  the  forest  microbiome:  ü  Irovided  baseline  diversity  data  for  bark-

associated micro-communities in 5entral EuroIean forests, identified abiotic and biotic 

drivers  of  these  communities,  and  eQIlored  the  use  of  eDNA for  assessment  of  a 

selected grouI of organisms, the lichenized fungi: ?esults from my  dissertation may 

serve as a foundation to comIare the microbiomes of 5entral EuroIean to other forest  
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tyIes, inform hyIotheses addressing the functions of forest microbiomes, and Irovide 

data for setting uI monitoring Irograms for Iarticular bacterial, fungal or algal grouIs: 

/he massive  diversity  data  collected may also  contribute  to  closing  the  gaI in  our 

understanding  of  macro-organisms  and  micro-organisms  with  resIect  to  diversity 

distributions  and  Iatterns  of  richness,  and  serve  as  a baseline  for  Iredictions  of 

biodiversity resIonses under future anthroIogenic change:
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üntroduction

 2. Introduction

 2.1. Forests and their microbiome

Forest  biomes are some of  the largest  ecosystems in  the world,  with  an estimated 

number of over three trillion trees 25rowther et al:, 03H&V: Forests cover aIIroQimately 

one third of the global landmass, with EuroIean forests making uI around 0&á of the 

total  forested  area  2FAR,  0303V:  Not  surIrisingly,  a  large  Iercentage  of  global 

biodiversity can be found within these forest ecosystems 25rowther et al:, 03H&V: /rees 

are keystone sIecies in forests, and are at the base of many imIortant resource cycles, 

such as nutrients, water and Iarticularly carbon sejuestration: Furthermore, they create 

a large sIatial heterogeneity and structure the forest into a variety of habitats, such as 

soil,  leaves  2IhyllosIhereV,  deadwood  and  bark  2Baldrian,  03HTV:  /hese  different 

habitats are in turn connected and regulated by the trees themselves  2Wardle et al:, 

033CV:

Koils and leaves are two of the most comIrehensively studied habitats in regard 

to microbial  activity and their ecological  functions within forests  2Baldrian, 03HTV:  An 

imIortant function largely driven by soil microorganisms is the decomIosition of organic 

matter 2Baldrian, 03HTV: ün addition to Ihotoassimilates released into the soil by roots, 

the comIounds resulting from decomIosition can be fiQed for long-term storage in the 

soil by fungal mycelium 25lemmensen et al:, 03H)V: Another function is the Irovision of 

growth-limiting  nutrients,  such  as  IhosIhorus,  which  is  largely  suIIlied  through 

mycorrhizal fungi, and atmosIheric nitrogen fiQed by bacteria  2.an Der xei%den et al:, 

0339V that can also be found in the IhyllosIhere 2Bashir et al:, 0300V: Aside from the 

Irovision of nutrients, IhyllosIhere microorganisms are involved in several other key 

functions, such as defence against Ilant Iathogens 2Bashir et al:, 0300V: Lany of these 

ecological Irocesses are not yet well understood, and since they often occur across 

multiIle forest habitats, it is not Iossible to comIletely understand their functioning until 

we study forest microbiomes holistically 2Baldrian, 03HTV: 

 2.1.1. The role of bark surfaces within forests

Although bark surfaces Irovide a large surface area of 3:7 ha Ier ha of forest 2Baldrian, 

03HTV, they have been understudied to date: 5omIared to below-ground forest habitats, 
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taQa  of  bark  surfaces  eQIerience  unijue  and  challenging  environmental  conditions: 

/hese include low water  availability,  nutrient  scarcity and occurrence of  comIounds 

inhibiting microbial  growth and temIerature  2Buck et al:,  H779é Baldrian, 03HTV:  (ike 

other aboveground habitats, e:g:, the IhyllosIhere, it is also sub%ected to desiccation by 

wind and increased ultra-violet 2U.V radiation 2(indow and Brandl, 033)é .orholt, 03H0V: 

Additionally, bark is Iarticularly Ioor in carbon, since many of the available comIounds 

are  able  to  withstand  microbial  decomIosition  2Buck  et  al:,  H779é  Baldrian,  03HTV: 

DesIite these challenges, bark surfaces have been shown to carry a high microbial 

biomass, esIecially if lichens are Iresent 2Baldrian, 03HTV: 

/ree  trunks  and  their  associated  bark  act  as  connecting  habitats  in  forest 

ecosystems  by  linking  the  IhyllosIhere  to  the  soil,  Iarticularly  the  rhizosIhere 

2Baldrian, 03HTV: SerhaIs the most imIortant channel of connection is stemflow, which 

transIorts microorganisms from the IhyllosIhere along the bark to the soil 2Bittar et al:, 

03H9é Statscheck et al:, 03H9é Lagyar et al:, 030HV: ün addition, the atmosIhere has 

been suggested to act as a transient habitat imIortant for disIersal in forests 2Baldrian, 

03HTV, and bark surfaces can act as a source and sink for microorganisms disIersed by 

wind: We currently lack a clear understanding of how the bark and its microorganisms 

interact  with  their  surrounding  habitats:  xowever,  bark  has  been  IroIosed  as  a 

reservoir  for  microbial  diversity  2Aschenbrenner  et  al:,  03HTé  Arrigoni  et  al:,  03H9é 

pobayashi  and Aoyagi,  03H7V because of its seasonal  stability and the multitude of 

micro-niches available due to its structure 2Beck et al:, 03HCé (eff et al:, 03H&V:

 2.1.2. Characteristics of the bark surface microbiome

/hroughout this thesis, ü use the term microbiome as defined by 2Berg et al:, 0303VP

“The microbiome is defined as a characteristic microbial community occupying a  

reasonable well-defined habitat  which has distinct  physio-chemical  properties.  

The  microbiome  not  only  refers  to  the  microorganisms  involved  but  also  

encompass their  theatre  of  activity,  which  results  in  the  formation  of  specific  

ecological niches.”

/his  definition  thus  not  only  covers  the  microorganisms  themselves,  but  also  their  

environment,  Iotential  interactions  and  functions  in  regard  to  each  other  and  their  
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Iotential host organisms: /he term microbiome is often used to refer only to bacterial 

communities, but in this dissertation ü use it to refer to the larger microbial diversity that  

includes multiIle Irokaryotic and eukaryotic grouIs:

Rnly a few studies have been conducted on bark surface communities: /hese 

studies have identified lichens 2and their symbiontsV, yeasts, and cyanobacteria as the 

characteristic taQa 2Bhadra et al:, 0339é Beck et al:, 03HCé Grube et al:, 03H&é Baldrian, 

03HTV: Luch of the research on bark surface communities has been focused on lichens, 

which  are  comIleQ  associations  of  algae,  fungi  and  bacteria  2Grimm et  al:,  030HV: 

Additionally,  Irevious studies  on microorganisms include morIhological  and culture-

deIendent evidence of algae, cyanobacteria, fungi and a host of bacteria from troIical 

2Akinso%i, H77HV and temIerate 2Lagyar and ?’vay, 0339V forests: ?ecent studies have 

suggested that these microbial communities on bark are distinct from those found in the 

Ihyllo- and rhizosIhere 2Lartins et al:, 03H)é (ambais et al:, 03HCé Arrigoni et al:, 03H9V: 

Additionally, there is evidence for seasonal variation in the community comIosition of 

the bark surface microbiome 2Beck et al:, 03HCV: Rther studies have shown that the bark 

microbiome suIIorts the forest food web and suIIlies food to many organisms such as 

molluscs, mites, lice and other micro-arthroIods 2Beyer and Kaari, H7T9é Andre, H79&é 

Erdmann  et  al:,  033Té  Baz,  0339V:  We  currently  lack  knowledge  of  how  the  bark 

microbiome  comIonents  interact  with  each  other  and  how  the  bark  microbiome 

integrates into the larger forest microbiome, esIecially when taQa occur in several forest 

habitats simultaneously 2e:g:, 2;ang et al:, 0300VV: 

 2.2. Environmental DNA (eDNA)

 2.2.1. Concept and applications

ün the early 0333s the identification of sIecies using DNA barcoding became feasible at 

larger  scales,  and  this  Irocess  has  since  been  remarkably  simIlified  by  the  main-

stream emergence of xigh-/hroughIut Kejuencing 2x/KV 2/aberlet et al:, 03H0V: As a 

result,  environmental  DNA 2eDNAV  methods  have  gained  IoIularity  in  a  variety  of 

scientific  conteQts,  with  the  number  of  IaIers  aIIlying  eDNA  conceIts  rising 

eQIonentially 2Jiang and ;ang, 03HTV to more than &3 IaIers each year between 03H8 

and 0303 2Beng and 5orlett, 0303V: ün contrast to bulk sIecimen samIles, eDNA does 

not include only a Ire-selected community, but all  DNA found in samIles originating 
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from an environmental source 2/aberlet et al:, 03H0V: üdentification of sIecies contained 

in this miQed samIle largely relies on the metabarcoding of marker genes, such as H8K 

for bacteria, 5Rü for animals and ü/K for Ilants and fungi 2/aberlet et al:, 03H0é B”lint et 

al:, 03H8V: ün this method, universal Irimers are added during S5? to amIlify a broad 

taQonomic variety while using tags to enable the sejuencing of many samIles during a 

single sejuencing run 2e:g:,  2Yinger et al:, 03H7VV: Rriginally arising in soil and marine 

sciences, eDNA has gained the largest Irominence in studies of microbial ecology and 

esIecially bacteria 2;occoz, 03H0V:

Environmental DNA has been aIIlied to many different subdisciIlines in ecology, 

and has been forecast to make conventional methods of sIecies diversity assessment 

obsolete 2/aberlet et al:, 03H0é ;occoz, 03H0é Fedia%evaite et al:, 030HV: Kome studies 

where eDNA metabarcoding has been successfully imIlemented include the study of 

Irey-Iredator interactions and animal diets 2e:g:,  2?ay’ et al:,  03HHé Khehzad et al:, 

03H0VV as well  as the most comIrehensive study of microbiomes to date, the Earth 

Licrobiome Sro%ect  2/homIson et  al:,  03HTV:  Further  uses  of  eDNA metabarcoding 

include sIecies monitoring, surveys of comIlete communities and the detection of rare 

or elusive sIecies 2;occoz, 03H0V: Furthermore, eDNA is also a Iromising technijue for 

future assessments of an ecosystemŠs ecological state, and can Iotentially even lead to 

estimations of sIecies abundance and densities  2;occoz, 03H0V: /he fast advance in 

methods  and  comIaratively  easy  and  juick  samIling  Irotocols  have  shown  eDNA 

metabarcodingŠs Iotential for reIlacing conventional time-consuming eQIert surveys like 

vegetation maIIing, fish trawling, insect traIIing or acoustic surveys  2Fedia%evaite et 

al:, 030HV: 

 2.2.2. Leveraging eDNA to study community ecology

Using  DNA eQtracted  from environmental  sources  to  study  community  ecology  has 

many advantages: ün conventional studies, sIecies identification often Iresents a bottle 

neck,  Iarticularly  at  the  large  sIatial  and  taQonomic  scales  feasible  in  eDNA 

metabarcoding  eQIeriments:  ün  fact,  many  grouIs  rejuire  immense  taQonomic 

knowledge and are challenging even for eQIerts 2Giordani et al:, 0337é .ondr”k et al:, 

03H8V: Letabarcoding on the other hand allows the identification of diverse organisms 

without  a priori taQonomic knowledge  2Deiner et al:, 03HTé Fedia%evaite et al:, 030HV: 
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Additionally,  eDNA surveys  hold  the  Iromise  of  avoiding  biases  deIending  on  the 

Ierson conducting the survey, as it does not rely heavily on Irior eQIerience 2Giordani 

et  al:,  0337é  Deiner  et  al:,  03HTé  Wright  et  al:,  03H7é  Fedia%evaite  et  al:,  030HV: 

Furthermore, eDNA samIles can also Iick uI traces of rare or cryItic sIecies that are 

generally missed in classical survey methods  2e:g:  2Deiner et al:,  03HTVV: Due to its 

simIle Irotocols, eDNA metabarcoding has become a fast and cost-effective method 

that will likely become more affordable in the future as sejuencing costs decrease and 

accuracy increases  2;occoz, 03H0V: 5urrently, the high resolution of NeQt-Generation-

Kejuencing  2NGKV  already  enables  us  to  identify  even  small  amounts  of  genetic 

variation,  including  AmIlicon  Kejuence  .ariants  2AK.V,  and  to  assign  them  to  a 

sIecies, thanks to the suIIort of eQIansive oIen-source and oIen-data communities 

2e:g:, 2Abarenkov et al:, 030)VV: 

/he  outIut  of  an  eDNA metabarcoding  workflow  is  comIarable  to  that  of  a 

traditional survey, and normally includes information on which sIecies occur in a samIle 

and 2aIIroQimatelyV  how often  2e:g:,  2Deiner  et  al:,  03HTVV:  /hus,  microbial  ecology 

borrows many analytical aIIroaches from macroecology 2Srosser et al:, 033TV: Usually, 

changes in diversity or community comIosition are investigated by comIaring grouIs of 

samIles, e:g:, through ordinations and Sermutational Analysis of .ariance  2Anderson, 

033Hé Anderson and Walsh, 03H)V, Differential Abundance Analysis  2Fernandes et al:, 

03H)V or  Lantel  tests  2Lantel,  H78TV:  Although  the  use  of  classic  alIha  diversity 

measures for microbiome research rejuires cautious interIretation 2B”lint et al:, 03H8é 

Willis, 03H7V,  it still  Irovides useful information for studying environmental effects on 

microbiomes: 

Leasuring  biodiversity  is  an  inherently  multifaceted  conceIt,  among  others 

including multiIle dimensions of taQonomic diversity  25hao et al:, 03HCé Naeem et al:, 

03H8V: /herefore, an aIIroach that caItures these multiIle dimensions is necessary 

2Senone et al:,  03H9V:  A useful aIIroach are the so-called xill  numbers  2xill,  H7T)é 

5hao et al:, 03HCV: /hey measure not only the diversity of the full community, but also 

those  of  the  ×tyIical>  and  ×dominant>  taQa,  by  increasing  the  weighting  of  sIecies 

abundance 2or  count,  in  the  case of  sejuencing readsV  each time the  xill  number 

increases  25hao et al:,  03HCV: Using these indices, we can aIIly statistical methods 
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such as linear regression or Generalized Dissimilarity Lodeling 2GDLV  2Ferrier et al:, 

033Té  Lokany  et  al:,  0300V,  along  continuous  gradients  instead  of  more  or  less 

arbitrarily-imIosed grouI structures, as is done in ×traditional>  methods: Generalized 

Dissimilarity  Lodeling  in  Iarticular  is  more  fleQible  and  can  also  model  non-linear 

relationshiIs, which are commonly found in ecology 2Ferrier, 0330é Ferrier et al:, 033C, 

033Té Lokany et al:, 0300V: 

Rne of the fundamental juestions in microbiome research is how and which taQa 

interact with each other: ün recent years, many Iotential methods surrounding microbial 

interaction  networks  have  been  IroIosed  2e:g:,  KSüE5-EAKü  2purtz  et  al:,  03H&V, 

KIar55 2Friedman and Alm, 03H0VV: Licrobial interaction networks are a comIutational 

method that allows us to infer connections of microorganisms from co-occurrence data 

2e:g:,  2Barber”n et al:, 03H0VV, that for eQamIle can be obtained from IoIulation level 

metabarcoding 2purtz et al:, 03H&V: Furthermore, microbial interaction networks enable 

the identification of highly influential taQa in the microbiome, so-called hub taQa, based 

on their connections to other taQa 2Agler et al:, 03H8V: 

 2.3. Drivers of epiphytic microbial communities 

 2.3.1. Environmental factors

/o understand how bark microbial communities integrate and interact with other forest 

microbiomes, we need to eQamine why these communities change, as well as what is  

driving  these  changes  2Baldrian,  03HTV:  /o  date,  there  have  been  remarkably  few 

studies on bark communities, making eQtraIolation from other microbiomes necessary 

to hyIothesize Iotential drivers: /he ma%ority of studies related to eIiIhytic microbial  

communities have only considered the IhyllosIhere 2e:g:, 2B”lint et al:, 03H)é Leyer et 

al:, 0300é Yhu et al:, 0300V: ün this dissertation, ü eQIand the field to another eIiIhytic 

forest niche and target the three ma%or organismal grouIs Iresent on the surface of tree 

barkP green algae, fungi and bacteria: 

Keveral  environmental  variables  have  been  demonstrated,  Irimarily  in 

IhyllosIhere research, to influence microbial diversity and community comIosition: ün 

troIical  forests,  a  decline  of  algal  biomass  and  diversity  in  the  IhyllosIhere  was 

associated with reduced water availability on leaf surfaces 2(iu et al:, 030)V: Kimilarly, 
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the richness of fungal and bacterial micro-communities in the graIe vine IhyllosIhere 

showed  an  increase  with  higher  IreciIitation  2Serazzolli  et  al:,  03HCV:  ün  addition, 

moisture content is known to regulate nitrogen fiQation by diazatroIh bacteria 2?ousk et 

al:, 03H&V, and thus directly influences microbiome function in forests: ün one of the few 

studies eQamining bark surface microorganisms, temIerature was suggested to be as 

imIortant  for  microalgae as  water  availability  2NeustuIa  and  øtifterov”,  03H)V,  with 

higher temIerature and IreciIitation leading to higher diversity: Lirroring the findings 

for water availability, increased fungal and bacterial diversity in the IhyllosIhere were 

also  linked  to  higher  temIeratures  2Serazzolli  et  al:,  03HCV:  According  to  2Baldrian, 

03HTV,  increased  eQIosure  to  sunlight,  and  therefore  U.  radiation,  could  be  an 

additional driving factor of bark surface micro-communities: ündeed, an increased U. 

eQIosure  has  been  linked  to  changes  in  community  comIosition,  but  not  size,  for  

bacterial IhyllosIhere communities 2Jacobs and Kundin, 033HV: 

Bark  microbiomes  are  also  closely  linked  to  their  host:  For  eQamIle,  the 

microorganismal  communities  in  orchards  have  been  shown  to  differ  substantially 

between host materials of different ages, i:e:, the age of the Ilant 2Arrigoni et al:, 03H9, 

0303V:  Furthermore,  we  know from below-ground  microbiome  communities  like  the 

rhizosIhere  that  many  microbial  taQa,  e:g:,  mycorrhizal  fungi,  only  associate  with 

sIecific tree sIecies 2(ang et al:, 03HHV: 5omIarable relationshiIs were also found for 

fungal, bacterial and Irotist communities of the IhyllosIhere, litter and soil 2?edford et 

al:, 03H3é Srescott and Grayston, 03H)é Urbanov” et al:, 03H&é /edersoo et al:, 03H8V: 

Even  differences  in  host  genotyIe  resulted  in  significantly  different  community 

structures 2B”lint et al:, 03H)V: Lacroorganisms, such as lichens and bryoIhytes, have 

been shown to resIond to similar drivers as the micro-communities: For eQamIle, the 

diversity of eIiIhytic sIecies in forests was highly correlated with the occurrence of 

large and old trees  2Aude and Soulsen, 0333é Boch et al:, 03H)é Nascimbene et al:, 

03H)V:

 2.3.2. Mutual biotic influences

ünteractions of microbial grouIs, with each other as well as with their environment, are 

common in forest ecosystems and can take many forms, ranging from interactions with 

their  host  to  the  Irovision of  resources:  Rne of  the longest-studied  association are 
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lichens  2Kchwedener,  H998V,  macro-ecological  holobionts  2or  ×micro-ecosystems>V  in 

which fungi, algae and bacteria assemble and interact: /he fungus Irovides structure 

and Irotection for algae and bacteria  2xawksworth and Grube, 0303é presIach et al:, 

0303V,  and  the  algae  in  turn  Irovide  Ihotoassimilates  to  the  lichen  consortium: 

Additionally, bacteria found in lichen have been linked to Irovision of growth inducing 

hormones  2Grube  et  al:,  03H&V and  may  contribute  to  the  nitrogen  cycle  of  whole 

ecosystems 2?ousk et al:, 03H&V: 

Rutside of the lichen holobiont, free-living microbial communities of these three 

grouIs Iotentially engage in similar interactions: Algae Irimarily Irovide Ihotosynthetic 

Iroducts, and although they are the Irimary Iroducers in these communities 2Dur”n et 

al:,  0300V,  they  rely  on  eQternal  nitrogen  suIIlies  that  are  commonly  Irovided  by 

mutualistic  bacteria  2Gonzalez  and  Bashan,  0333V:  While  many  bacteria  engage  in 

these beneficial interactions, other bacteria are harmful, esIecially to algae, for eQamIle 

causing cell  death  through the  induction  of  certain  comIounds  2Wang et  al:,  03H3é 

presIach et al:,  0303V:  Fungal  Irotection mechanisms can Iotentially Irevent  these 

harmful interactions 2presIach et al:, 0303V, and occasionally lichen-like formations of 

fungi and algae occur sIontaneously under non-beneficial conditions 2xom and Lurray, 

03HCV: /he structures Irovided by fungi, e:g:, hyIhae, have also been IroIosed to act 

as  ×highways>  for  bacterial  disIersal  2pohlmeier  et  al:,  033&V:  Fungal-bacterial 

interactions are also visible through intense comIetition for nutrients and Iarasitism 

2Deveau  et  al:,  03H9V:  Kince  all  three  organismal  grouIs  occur  in  close  sIatial 

association on the bark of trees, it is highly likely that they mutually affect each otherŠs 

diversity: üt is therefore essential to include the interactions between microorganisms if 

we want to understand the microbiome 2Uroz et al:, 03H8V:

 2.4. Knowledge Gap

Bark surfaces are a large and imIortant habitat for eIiIhytic diversity in forests, and 

suIIort various communities of macro- and microorganisms: DesIite their imIortance 

we  lack  a  comIrehensive  understanding  about  the  Irocesses  shaIing  these 

communities,  in  Iarticular  with  resIect  to  the  microbial  diversity:  xowever,  studying 

microbial communities in these environments is not trivial and conventional methods, 

such as cultivation, are usually not able to cover the full microbiome diversity: /herefore,  
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studying  microbiomes  nowadays  rejuires  the  aIIlication  of  modern,  genetically 

informed, methods of community ecology: /o date, only few studies have investigated 

the communities on the bark of trees, often focusing on commercial systems related to 

fruit Iroduction or on single taQon grouIs, such as bacteria: xowever, we know from 

Irevious studies that  green algae,  fungi  and bacteria  occur simultaneously in these 

habitats: /aQa from these three grouIs are known to engage in multiIle interactions, for 

eQamIle in the lichen holobiont: xowever, their combined communities have not been 

investigated until now: KamIles of environmental DNA can helI to reveal the diversity of 

both macro- and microorganismal communities on the bark surface: Nevertheless, a 

comIrehensive assessment of eDNA methods aIIlied to samIles of bark surfaces is 

currently lacking:

 3. Thesis Structure and Research Questions

 3.1. Structure and Methods

 3.1.1. Structure Overview

/his thesis is structured into four juestions, each reIresenting one manuscriIt:

ü: 2ZHV What is the diversity of the microbial community on the surface of tree 

barkq xow do microbial communities resIond to tree size and forest managementq

üü:  2Z0V  What  drives  the  diversity  of  the  bark  surface microbiomeq Do biotic 

interactions Ilay a greater role than abiotic influencesq 

üüü: 2Z)V xow does the tree sIecies shaIe fungal micro-communitiesq What are 

the differences between bark and soil fungal communities and do they share diversityq  

ü.:  2ZCV  üs  eDNA metabarcoding  a  useful  tool  for  surveying  eIiIhytic  lichen 

biodiversityq üs it a reliable stand-alone toolq 

Figure H Irovides an overview about the content of this dissertation, which is described 

in  more  detail  below:  /wo juestions 2ZH,  Z0V  eQamine the  three ma%or  organismal 

grouIs of the bark surface microbiomeP green algae, fungi and bacteria: /he other two 

juestions 2Z), ZCV are focused on fungal diversity:
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ün  a  first  steI  2ZHV  ü  study the  regional  diversity  of  microorganisms on  bark 

surfaces: ü clarify the diversity and interactions of the microbiome, and how it resIonds 

to forest management and tree size 2Fig: H, ZHV: Based on the results of ZH, ü carried 

out a larger samIling camIaign 2Figure H, Data 5ollectionV, during which ü samIled bark 

surfaces of over T&3 trees and soil in H&3 Ilots across Germany: /hese samIles were 

used to eQtract DNA and amIlify ü/K and H8K marker genes from green algae, fungi 

and  bacteria,  resulting  in  aIIroQimately  0,T33  technical  reIlicates:  /he  sejuencing 

reads of these reIlications form the basis of the remaining manuscriIts 2Z0 – ZCV: ün 

Z0, ü investigate the changes of microbial alIha and beta diversity along environmental 

gradients: /hese include climatic conditions like temIerature and IreciIitation, as well  

as the mutual biotic influences of each organismal grouI 2Fig: H, Z0V: 

ün the second half of the thesis, ü use a subset of the dataset acjuired in the  

larger samIling camIaign, to study the community of fungi 2Z)V and lichens 2ZCV: ün 

Z), ü eQamine the differences in diversity and community comIosition between the bark 

and soil  microbiome of deciduous and coniferous trees 2Fig: H, Z)V: (astly, in ZC, ü 

investigate if the eDNA from bark surface samIles can be used to survey lichen sIecies 

within  forests:  ü  use  a  subset  of  fungal  reads  from the  eDNA dataset  of  the  large 

samIling camIaign, that were assigned to lichenized fungi, and comIare the results to  

an eQIert floristic survey 2Fig: H, ZCV: Using this aIIroach, ü eQIlore whether eDNA can 

reIlace eQIert knowledge when surveying lichen communities:

HC



Ktructure and Lethods 

Figure 1: Overview figure showing the structure of this thesis. Included are a representation of  
the four questions  (Q1-Q4) relating to the four manuscripts  as well  as  an overview of the  

sampling procedure, lab work and bioinformatic processing. The questions are: I. What is the  
diversity of the microbial community on the surface of tree bark? How do microbial communities  

respond to tree size and forest management? II. What drives the diversity of the bark surface  
microbiome? Do biotic interactions play a greater role than abiotic influences? III. How does  
the tree species shape fungal micro-communities? What are the differences between bark and  

soil fungal communities and do they share diversity? IV. Is eDNA metabarcoding a useful tool  
for surveying epiphytic lichen biodiversity? Is it a reliable stand-alone tool?  

Figure created with BioRender.com. 
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 3.1.2. Study System

/he four manuscriIts included in this dissertation are set within the framework of the 

Biodiversity EQIloratories  2Fischer et al:,  03H3V which were established in 0338: /he 

main ob%ective of the Biodiversity EQIloratories is to Irovide a Ilatform for long-term 

biodiversity research 2Fischer et al:, 03H3V: ?esearch is carried out in circa 0&3 Iro%ects 

including, but not limited to, research on above- and belowground relations, studies on 

widely differing sIatial  scales, socioecologic juestions, as well as the biodiversity of 

varied taQonomic grouIs from macro-  to  microorganisms: All  Iro%ects are unified by 

common research aims, that target juestions related to anthroIogenic land use and 

how it affects diversity and ecosystem Irocesses, as well as the relationshiIs between 

different Iarts of biodiversity and how they influence ecosystem dynamics and services 

2see www:biodiversity-eQIloratories:deV: 

/o enable comIrehensive analysis of these toIics, it is necessary to suIIly a 

wide range of samIling oIIortunities offering both a wide sIatial and land use gradient:  

/o address this need,  the ×Biodiversity  EQIloratories> encomIass )33 ×EQIerimental 

Slots> 2ESV located in three regions across Germany: /hese regions disIlay a sIatial 

cross-section  ranging  from  the  Kouth-West  2Kwabian  AlbV  to  the  North-East 

2Kchorfheide-5horinV, with an intermediate region in the center of Germany 2xainich-

DÖnV:  Rf  the )33 ESs,  H&3 are located in grasslands of varying land use,  such as  

Iastures and meadows: /he remaining H&3 are within forests with varying degrees of 

human  management,  ranging  from  national  Iark  core  zones  to  commercial  timber 

Ilantations 2Fischer et al:, 03H3V: Each region contains &3 grassland and &3 forest Ilots: 

/he results Iresented in this dissertation are the Iroduct of a comIrehensive 

samIling  effort  across  all  H&3  forest  ESs  in  all  three  regions  of  the  ×Biodiversity 

EQIloratories>: We carried out an initial samIling camIaign in Rctober 0303 using a 

subset of Ilots located within the central region 2xainich-DÖnV, allowing me to establish 

a  baseline  of  biodiversity  of  the  Ireviously  uneQIlored  bark  surface  microbiome 

2LanuscriIt Hé AIIendiQ AHV: Following the results of our first study, a second samIling 

took Ilace in Lay 030H that was eQIanded to include samIles from all three regions 

2LanuscriIt 0, ) and Cé AIIendiQ A0-ACV: ün addition to the samIling of bark surface 
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communities, we also included soil samIles collected at the same time in our analyses 

2LanuscriIt )é AIIendiQ A)V: 

 3.1.3. Sampling design

/he ESs cover an area of H33 ń H33 m, including a subIlot of 03 ń 03 m established for  

the %oint  Koil  KamIling  5amIaign 2KK5V of  the  Biodiversity  EQIloratories:  We used 

these  subIlots  to  constrain  the  samIling  sIace  of  the  bark  surface  samIles,  thus 

obtaining  the  microbial  diversity  of  sIatially  close  trees:  5ombining  the  samIles  of 

individual  trees,  either  during  bioinformatic  Irocessing  or  Ihysically  in  comIosite 

samIles,  Irovides  a  reIresentative  snaIshot  of  Ilot-level  diversity:  Furthermore, 

samIling in the same area as the KK5 facilitates comIarisons between bark surface 

and soil communities: 

/o characterize the microbial diversity of the sites, we collected individual tree 

and  Ilot-level  samIles  of  the  bark  surface  micro-community  within  the  forest  ESs 

2Figure HV: We samIled a total of siQ trees across three size classes Ier Ilot, two small  

2& – H& cm diameter at a height of H&3 cmV, two medium 2H& – )3 cm diameterV and two 

large trees 2õ )3 cmV: We used nylon-flocked medical collection swabs to collect the 

bark  surface  biofilm  in  a  )  cm  wide  band  around  the  comIlete  tree  trunk,  while 

IurIosefully  including  holes,  cracks and  lichen  thalli  but  avoiding  larger  Iatches of 

bryoIhytes so as to not confound fungal and algal DNA amIlification: /his samIling 

method Iroved to be reliable, easy, fast, cost-effective and reIlicable, allowing me to 

cover a large sIatial eQtent:

 3.1.4. Metabarcoding of multiple organismal groups 

A comIrehensive diversity Irofiling of the bark surface microbiome rejuires an ejually 

broad and intensive metabarcoding aIIroach: /o obtain taQa of the three main microbial  

grouIs of the bark surface microbiome, we chose a DNA eQtraction kit that is suitable 

for algae, fungi and bacteria 2Zuick-DNA FecalOKoil Licrobe LicroIreI, Yymo ?esearch 

Gmbx, Freiburg, GermanyV: /he eQtracted DNA fragments were amIlified using well-

established universal Irimer Iairs of the common marker regions ü/K0 2algae and fungiV 

and H8K .)-.C 2bacteriaV:  Using  these universal  2degenerateV  Irimers  allows for  a 
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broad taQonomic coverage, reIresenting the true diversity as closely as Iossible, and 

facilitates comIarisons with future studies: 

/o  obtain  reliable  diversity  estimates  and  sejuencing  results,  a  robust 

combination of samIling design, laboratory Irocedure and bioinformatic Irocessing is 

crucial:  We emIloyed a  strict  Irotocol  in  order  to  minimize  errors  during  S5? and 

reduce ambiguities and contamination during the Irocessing of sejuencing reads: ün 

the  laboratory,  this  included  individual,  seIarate  treatment  of  the  three  organismal 

grouIs after DNA eQtraction, fine-tuning of the S5? to maQimize yield and juality, S5? 

negatives  and  multiIleQ  controls,  amIlification  in  triIlicates  and  S5?-free  library 

IreIaration to minimize S5? bias: /he bioinformatic Irocessing was Ierformed with 

state-of-the-art tools for samIle inference and taQonomic assignment against suitable 

databases  2DADA2 IiIeline,  25allahan  et  al:,  03H8VV  and  furthermore  included 

identification of Iotential contaminant sejuences 2decontam,  2Davis et al:, 03H9VV and 

Iost clustering curation of similar sejuences 2LULU, 2Frčslev et al:, 03HTVV: 

 3.2. (Q1) What is the diversity of the microbial community on 

the  surface  of  tree  bark?  How  do  microbial  communities 

respond to tree size and forest management?

ün order to model the relationshiIs between microorganisms and nature from unknown 

forest micro-habitats, it is crucial to first obtain a baseline of the unknown diversity on 

the bark surface of trees: ün this first manuscriIt, we focused on establishing a samIling 

method using samIles from a local subset of H8 Ilots in the central region 2xainich-

DÖn, /huringia, GermanyV of the Biodiversity EQIloratories: We collected samIles from 

siQ individual trees of  Fagus sylvatica Ier Ilot that were individually sejuenced and 

Irocessed to enable comIarison of single trees as well as Ilot-level communities: We 

samIled trees from three different size classes 2see H:H:): KamIling designV on Ilots 

along a gradient of forest management intensity, ranging from highly-managed stands to 

the core zone of a national Iark: /he manuscriIt addresses the following juestionsP 

ü Which microbial  taQa occur on the bark of beech trees 2Fagus sylvaticaV,  the 

dominant tree sIecies in 5entral EuroIean forestsq 

üü Which taQa are the most imIortant based on co-occurrence Iatternsq 

H9



Ktructure and Lethods 

üüü Do resIonses to anthroIogenic influence and tree size 2as a IroQy for tree ageV 

differ between organism grouIsq 

 3.3. (Q2)  What  drives  the  diversity  of  the  bark  surface 

microbiome? Do biotic interactions play a greater role than 

abiotic influences? 

After  establishing  a  first  baseline  assessment  of  the  diversity  in  the  bark  surface 

microbiome,  we  aimed  to  understand  which  environmental  factors  drive  microbial 

diversity and community comIosition Iatterns on the bark surface in a larger conteQt: /o 

achieve this, we samIled in all three regions within the Biodiversity EQIloratories, which 

considerably increased the sIatial eQtent of the subsejuent analysis: /his was Iossible 

by combining siQ trees across the three size classes into one comIosite samIle Ier ES, 

totaling H&3 Ilot-level  samIles:  /his  allowed our  study to  cover  a  large geograIhic 

gradient across Germany: We always samIled from the dominant tree sIecies in the 

Ilot  based  on  a  Irevious  forest  assessment  by  Kchall  and  Ammer  203H9V:  Lainly 

samIles were obtained from three tree sIeciesP  EuroIean beech 2Fagus sylvaticaV, 

Kcots Iine 2Sinus silvestrisV and Norway sIruce 2Sicea abiesV, which reIresent the most 

imIortant 5entral EuroIean trees from both Iotentially natural forests and commercial 

timber Ilantations: ün this manuscriIt we addressed the following juestionsP

ü Which  environmental  variables  drive  the  community  comIosition  and  alIha-

diversity of the bark surface microbiomeq

üü Are  the  strong  connections  between  taQa  2shown  in  LanuscriIt  HV  more 

imIortant  for  community  assembly  and diversity  than the  influence of  abiotic 

variablesq 

 3.4. (Q3)  How  does  the  tree  species  shape  fungal  micro-

communities?  What  are  the  differences  between  bark  and 

soil fungal communities and do they share diversity?  

Rur knowledge of the taQonomic diversity in the bark surface microbiome allows us to 

comIare the communities of these Ireviously-uneQIlored habitats to other habitats of 

the forest microbiome: With regards to microbial diversity, the most studied and best 
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characterized forest  habitats  are  soils  2Baldrian,  03HTV:  Using  a subset  of  the  data 

obtained in the large samIling camIaign, containing both soil and bark surface samIles 

from H&3 forest ESs, we comIare the soil and bark surface microbiome of the same 

forest area: We chose to include samIles from two regions 2Kouth-West and North-

EastV, both of which contain coniferous 2sIruce and Iine, resIectivelyV as well as broad-

leaved 2beechV trees: /hese tree sIecies have Ironounced differences in bark surface 

structure  as  well  as  chemistry,  e:g:,  Ix  levels:  ün  this  manuscriIt  we  address  the 

following juestionsP 

ü What differences and commonalities do we observe between bark surface and 

soil microbial communitiesq

üü 5an tree sIecies identity account for differences in bark surface diversity and 

community comIositionq

 3.5. (Q4)  Is  eDNA metabarcoding a  useful  tool  for  surveying 

epiphytic lichen biodiversity? Is it a reliable standalone tool?

Environmental  DNA is  commonly  used  to  survey  the  occurrence  of  sIecies  in  an 

environment  2e:g:,  2/aberlet  et  al:,  03H0é  ;occoz,  03H0é  Deiner  et  al:,  03HTVV:  ün 

traditional  vegetation  surveys,  the  identification  of  lichens  rejuires  considerable 

eQIertise, and many sIecies can be easily overlooked or misidentified 2.ondr”k et al:, 

03H8V:  ün  this  manuscriIt,  we use a subset  of the fungal  taQa obtained from eDNA 

metabarcoding that were assigned as ×(ichenized> by the FUNGuild algorithm 2Nguyen 

et  al:,  03H8V:  We comIare the obtained sIecies list  with  that  of  a  Irevious floristic  

survey carried out in 033TO0339 2Boch et al:, 03H)V in the same Ilots: We eQamine the 

juality and coverage of both methods and ask the following juestionsP 

ü Which sIecies of lichenized fungi can be identified from environmental samIles 

via eDNA metabarcodingq

üü xow does the set of sIecies comIare to an eQIert floristic surveyq

03



?esults and Discussion

 4. Main Results and Discussion

ün my dissertation ü investigated the diversity of the tree bark surface, an understudied 

forest  habitat:  /he  aim  of  this  dissertation  was  to  reveal  the  Ireviously-unknown 

diversity of the natural  bark surface microbiome and its resIonses to environmental 

drivers  by  using  a  fast  and  simIle  eDNA metabarcoding  aIIroach:  Furthermore,  ü 

comIared  the  microbiome  of  the  bark  surface  to  the  microbial  community  of  their 

ad%acent  forest  soils,  an eQamIle of  a  well-characterized microbial  habitat:  Finally,  ü  

investigated  whether  eDNA samIles  can  be  used  to  survey  the  eIiIhytic  lichen 

community,  a grouI tyIically  identifiable  only by taQonomic eQIerts:  ün the following 

IaragraIhs,  ü  first  look  at  my four  juestions individually  and summarize  their  main 

results: Kubsejuently, ü discuss the resIective findings, connect them and Ilace them 

into a wider conteQt:

 4.1. (Q1) Regional diversity and interactions of the bark surface 

microbiome of differently sized trees 

Srevious studies of aboveground microbiomes,  like the IhyllosIhere, have shown a 

strong link between diversity and host characteristics 2(indow and Brandl, 033)é .orholt, 

03H0V: For eQamIle, some of the studies investigating aboveground microbiomes show 

that  substrate  age  affects  the  microbiome  community  2Arrigoni  et  al:,  03H9,  0303V: 

AnthroIogenic influence, for eQamIle through forest management, strongly correlates 

with the Iresence or absence of old-growth trees and thus the availability of mature 

substrates 2Aude and Soulsen, 0333V: 5urrently, the resIonses of the bark microbiome 

to these variables are largely unknown: 

ü used eDNA metabarcoding on samIles obtained from bark surfaces of beech 

trees to Irofile the three main organismal grouIs of the bark surface microbiome: ün this 

manuscriIt ü established a workflow consisting of a cost-effective and easy samIling 

technijue  as  well  as  a  Irocessing  and  analysis  IiIeline:  ü  shed  light  on  the  taQa 

occurring  on  natural  bark  surface  communities  and  Irovide  regional-level  diversity 

estimates for several forests within the 5entral ?egion of the Biodiversity EQIloratories: 

Furthermore, ü identified which taQa are imIortant for the microbiome community and 

how  they  interact  both  within  their  own  and  across  other  microorganismal  grouIs: 
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(astly, ü eQamined how tree size, as a IroQy for tree age, and the intensity of forest 

management affects the bark surface microbiome:

Because the bark surface microbiome is largely uneQIlored, theories to describe 

and Iredict resIonses to environmental conditions must be borrowed from the study of 

macro-eIiIhytic organisms: Ktudies of eIiIhytic lichens and bryoIhytes have shown 

that their diversity and community assembly Irocesses largely deIend on tree age 2Fritz 

et al:, 0339, 0337V and the availability of large and old-growth forest structures  2Aude 

and Soulsen, 0333é Boch et al:, 03H)é Nascimbene et al:, 03H)V: ün this study, we found 

that tree size 2as a IroQy for ageV greatly influenced the beech bark microbiome: Algal 

and fungal diversity was lower in larger trees, Iossibly indicating filtering of Iioneer  

communities occuIying the smaller, i:e:, younger trees,  for eQamIle because they are 

outcomIeted by  other  organisms:  /he  differences  are  Iarticularly  visible  when 

comIaring large and small trees, but not when comIaring large and small to medium 

trees,  suggesting  a  gradual  Irocess:  We  observed  differences  in  community 

comIosition  when  comIaring  the  size  grouIs,  and  differential  abundance  analysis 

revealed  several  differentially  abundant  taQa,  esIecially  when  comIaring  large  and 

small trees: 

ün  our  study,  forest  management  had  a  negligible  but  significant  effect  on 

community  assembly of the bark surface microbiome: xowever,  a Irevious study of  

macro-ecological taQa undertaken in the same region reIorted a much stronger effect of  

management on diversity 2Boch et al:, 03H)V: /his suggests that our classification into 

×high> and ×low> management intensity may be too coarse to make the effect visible: 

Additionally, the forest management in the study region is rather uniform, leading to 

similar forest structures 2Kchall et al:, 0303V: 

/aQa are usually highly interconnected within the bark surface microbiome: ün our 

study, co-occurrence networks show dense associations of taQa that cluster into distinct 

modules of strong association: /his may indicate a high level of niche sIecialization, in  

Iarticular for fungi and algae, which coincides with a stronger effect of tree size for 

these two grouIs: Lany of the interconnected taQa in the networks were Ireviously 

known  as  imIortant  elements  of  sub-aerial  and  IhyllosIhere  communities:  /hese 

include  imIortant  grouIs  of  free-living  green  algae  2?indi,  033Té  øtifterov”  and 
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NeustuIa, 03H&é økaloud et al:, 03H8é Yhu et al:, 03H9V, as well as  lichens and  their 

Ihotobionts  2Kanders and Lasumoto, 030HV: /he imIortant bacteria have often been 

found in association with macro-eIiIhytes  2;amamura et al:,  03HHé La et al:, 03HTV: 

ünterestingly,  two  imIortant  bacterial  genera  within  the  networks,  Acidiphilium and 

Methylocella, have different metabolic demands  2Dedysh and Dunfield, 03HHé xiraishi 

and  ümhoff,  03H&V,  with  Acidiphilium metabolizing  simIle  sugars  and  Methylocella 

obtaining  carbon  from  atmosIheric  methane:  /heir  co-occurrence  may  also  Ioint 

towards metabolic niche differentiation on the bark surface:

Lany of the ecologically relevant fungal taQa are either unknown or unassignable 

with current databases: UI to C3á of fungal reads are from unknown origin, and many 

of the most connected taQa in the co-occurrence networks could not be assigned at the 

genus level, which is comIarable to Irevious bark microbiome studies from orchards 

2Arrigoni et al:, 0303V: /his ×unknown> diversity suggests a high amount of Ireviously 

undescribed diversity  for taQa on the bark surface, but could also be an artefact  of  

incomIlete  databases  or  occurrence  of  sIecies  that  have  yet  to  be  sejuenced: 

5onsidering  that  the  ma%ority  of  Irevious  studies  has  investigated  other  microbial 

habitats, it is a reasonable assumItion that we find numerous unijue taQa that have not  

been studied before: A considerable Iortion of this ×unknown diversity> is made uI of  

Dothideomycetes, a highly diverse class of Ascomycota: Keveral sIecies of this class 

are found in the lichen holobiont  2Kmith et al:, 0303V and are known from the beech 

IhyllosIhere  2Unterseher  et  al:,  03H8V:  /hese  results  underline  the  fact  that  our 

knowledge of the bark as a habitat for microbial diversity is currently insufficient, desIite 

comIosing a large Iart of the forest microbiome: With this study, we Irovide some initial  

findings that can helI to fill in these gaIs in our knowledge of the bark microbiome:

 4.2. (Q2)  Biotic  and  abiotic  drivers  of  the  bark  surface 

microbiome

Based on the results of ZH, we eQIanded the samIling to a considerably larger number  

of sites across Germany: ünformed by the diversity differences between differently-sized 

trees, we took Ilot-level comIosite samIles that were evenly distributed between small, 

medium and large trees: ün total,  the obtained samIles reIresented forests in three 

regions, and more than T&3 trees from H&3 forest Ilots in the Biodiversity EQIloratories, 
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which  are  reIresentative  for  5entral  EuroIe  2Fischer  et  al:,  03H3V:  We  used  xill 

Numbers  to  characterize the multiIle  levels  of  alIha and beta diversity  in  the  bark 

surface microbiome, and eQamined how diversity resIonds to environmental factors and 

biotic interactions: Based on results from IhyllosIhere studies and the characteristics of  

the bark habitat, we hyIothesized that bark surface communities would be influenced by 

similar  variables  to  those  influencing  the  IhyllosIhere  microbiome:  /hese  mainly 

include geograIhic distance, 2micro-Vclimatic conditions, and sIecies interactions: /o 

investigate the influence of these variables we aIIlied advanced statistical  methods 

such  as  Generalized  Dissimilarity  Lodeling  which  allows  us  to  model  non-linear 

relationshiIs 2Ferrier, 0330é Ferrier et al:, 033C, 033Té Lokany et al:, 0300V:

ün Irevious studies of aboveground microbiomes, geograIhic distance was often 

reIorted as a factor leading to of distinct communities 2NeustuIa and øtifterov”, 03H)é 

Serazzolli  et al:,  03HCV: Although AK. richness in this study usually decreased from 

Kouth-West  to  North-East  Germany,  the  abundance  Iatterns  across  regions  were 

comIarable:  5onsejuently,  the  effect  of  geograIhic  distance  on  beta  diversity  was 

negligible in this study, similar to what has been reIorted for the bark microbiome of  

avocado trees 2Aguirre-von-Wobeser et al:, 030HV: xowever, geograIhic distance was 

of  considerable  imIortance  for  the  alIha  diversity  when  considered  together  with 

environmental conditions, suggesting an interconnected effect:

 5ommunities of aboveground habitats are influenced by many environmental 

variables, such as humidity 2e:g:, 2(iu et al:, 030)VV, temIerature 2e:g:, 2Serazzolli et al:, 

03HCVV or U. radiation 2Jacobs and Kundin, 033HV: ün our study, environmental variables 

were  of  great  imIortance for  alIha diversity,  while  having  a  minimal  effect  on  beta 

diversity:  ünterestingly,  the  effect  of  light  availability  on  algae  was  small  and  non-

significant, desIite their Ihotosynthetic rejuirements: Additionally, the effects of abiotic 

variables on fungi and bacteria were often contradictory: Ktudies of soil microbiomes 

have shown similar effects, for eQamIle drought resIonses differed between bacteria 

and fungi  2de .ries et al:, 03H9V and even between different fungal guilds 25astaūo et 

al:, 03H9V: 5omIarable results have also been reIorted for the IhyllosIhere 2Serazzolli 

et  al:,  03HCV and  rhizosIhere  microbiomes  2Bazany  et  al:,  0300V:  ünterestingly,  the 

oIIosite resIonses of  bacteria and fungi  to increases in temIerature,  where fungal  
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communities  homogenize  and bacterial  communities  become increasingly  dissimilar, 

mirrors results from the soil microbiome 2de .ries et al:, 03H9V:

Licrobial communities of bacteria, fungi and green algae are known to engage in 

various interactions with each other 2e:g: 2?amanan et al:, 03H8é Deveau et al:, 03H9VV: 

/hus,  the  large  influence  of  mutual  biotic  interactions  detected  in  this  work  is  not  

uneQIected: /he community comIosition of each organismal grouI in Iarticular was 

significantly influenced by the comIosition of the other two grouIs: ün our study, the 

bacterial  influence was by far the most imIortant:  Bacteria are known to engage in 

harmful interactions like Iathogenicity 2Deveau et al:, 03H9é presIach et al:, 0303V, but 

are also imIortant factors in the Irovision of nutrients  2Gonzalez and Bashan, 0333V, 

and commonly colonize the minute sIace surrounding algal or fungal cells  2Warmink 

and van Elsas, 0339é Dur”n et al:, 0300V: /he influence of fungi on algae has been long 

known from the lichen symbiosis  2Kchwedener, H998é xawksworth and Grube, 0303V, 

and  similar  associations  can  also  form  sIontaneously  under  suboItimal  conditions 

2xom and Lurray, 03HCV:  ün addition, fungi  strongly influence bacterial  communities, 

which could be related  to  the Irovision  of  transIort  Iaths  2pohlmeier  et  al:,  033&V, 

Irotective structures 2.enkatesh et al:, 0300V or even carbon from cell walls 2Ballhausen 

and de Boer, 03H8V:

/he effect curves of the biotic interactions suggest that changes in community 

comIositions occur in tight links, and that organismal grouIs vary simultaneously and at 

comIarable sIeed: /hese results may indicate that distinct sets of algae, fungi and 

bacteria  frejuently  associate  with  each  other:  Sreferential  associations are  not 

uncommon in  Ilant-microbiome relationshiIs 2e:g:,  2xawkes et  al:,  0303VV  and have 

been observed in bark communities before: For eQamIle, Arrigoni et al: 203H9V describe 

a ×stable ejuilibrium> of Iathogenic and beneficial bacteria and fungi on the bark of fruit  

trees: 

Rur  results  indicate  that  the  richness  and  evenness  of  the  bark  surface 

microbiome is constrained by the abiotic environment:  xowever,  the interaction with 

other taQa Ilays a significant role in determining the comIosition and dominance of the 

sIecies Iresent: ün, fact the effects of mutual biotic interactions are usually the largest 
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influence  changing  the  comIosition  of  the  bark  surface  microbiome:  (astly,  the 

geograIhic distance between Ilots was usually of small imIortance: 

 4.3. (Q3) Differences between soil and bark surface microbiome 

associated with coniferous and deciduous trees

/rees and fungi interact with each other in many different ways: For eQamIle, trees 

Irovide a greatly structured habitat, with a large number of diverse micro-niches: Due to 

variations in various inherent traits of the bark, such as Ihysical structure and chemistry, 

tree sIecies is likely an imIortant driver of bark fungal community comIosition: ün this  

manuscriIt, we investigated the fungal community from two regions and in two forest 

habitats, soil and bark: Additionally, we included two coniferous 2Picea abies and Pinus 

sylvestrisV  and  one  deciduous  2Fagus  sylvaticaV  tree  sIecies:  We  assessed  the 

differences and similarities in diversity and community composition of the soil and bark 

surface  microbiomes  in  relation  to  the  tree  sIecies:  Furthermore,  we  studied  the 

interactions within the combined microbiome of the above- and belowground habitats: 

 Srevious studies have often focused on individual tree comIartments 2e:g:, on 

the IhyllosIhere 2e:g:,  2Unterseher et al:,  03H8VV or rhizosIhere 2e:g:,  2Srescott  and 

Grayston,  03H)VV, and  studies  of  more  than  one  forest  comIartment  are  still  

comIaratively rare 2;ang et al:, 0300V: From these studies, we know that different forest 

comIartments also feature distinct microbiome comIositions 2(ambais et al:, 03HCé (eff 

et al:, 03H&é Durand et al:, 03HTé ;ang et al:, 0300V: A similar structure is visible from the 

ordinations in our study, and interaction networks reveal that taQa are more strongly 

connected within their habitat: ün fact, very few taQa are shared between habitats 2)C) 

or aIIroQimately Cá of AK.sV, although these taQa on average account for 80á of the 

total  sejuencing  reads:  ün  addition  to  the  distinct  community  comIosition,  soil 

communities were on average aIIroQimately five times more diverse than bark surface 

communities, in terms of AK. richness: /his could be directly related to lower nutrient 

availability as well as chemical and Ihysical stressors on the bark  2Buck et al:, H779é 

Baldrian, 03HTV: 

DesIite  the  aIIarent  differences  in  comIosition,  the  co-occurrence  networks 

revealed a clearly distinguishable ecological module Iotentially connecting the soil and 
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bark  surface  communities:  ündeed,  fungi  have  been  suggested  to  Irovide  such 

connections in the forest microbiome 2Baldrian, 03HTV: /his may indicate that the bark 

surface serves as a connecting habitat for the forest microbiome: Rne Iotential Iath is 

stemflow, which has been IroIosed as a transIort vector of microbial taQa from the 

IhyllosIhere to the soil 2Lagyar et al:, 030HV: 

5hemical and structural characteristics of the bark may create large differences 

in the effect of the coniferous and deciduous tree sIecies on their fungal communities 

2Alfredsen et al:, 0339é Rka et al:, 030HV: For eQamIle, Iine and fir bark is more acidic 

than beech bark 2Srasetya and ?offael, H773é Fritz and xeilmann-5lausen, 03H3V, and 

deciduous litter is less acidic than coniferous 2Burgess-5onforti et al:, 03H7V: 5ontrary to 

other studies 2Srescott and Grayston, 03H)é Urbanov” et al:, 03H&V, tree sIecies was of 

uneQIectedly  low imIortance in  our  study,  eQIlaining only  a small  IroIortion of the 

diversity  variance:  Nonetheless,  the  community  comIosition  and  AK.  richness  of 

coniferous  and  deciduous  trees  differs  significantly  in  both  regions:  /his  effect  is 

Iarticularly  Ironounced  in  the  soil  samIles:  A  Irevious  study  conducted  in  the 

Biodiversity  EQIloratories  showed comIarable  differences in  the  comIosition  of  soil 

microbiomes, deIending on the tree sIecies in the vicinity  2Goldmann et al:,  03H&V: 

/hese distinct comIositions could be eQIlained by the occurrence of sIecialized litter 

degraders 2Barbi et al:, 03H8V, or by the Iresence of mycorrhiza sIecific to these tree 

sIecies 2Goldmann et al:, 03H&é Nacke et al:, 03H8V: 

 4.4. (Q4) Suitability of eDNA metabarcoding as a tool in surveys 

of lichen diversity

Environmental  DNA metabarcoding  Irovides  the  Iromise  of  easy  and  fast  sIecies 

identification using the comIlete DNA Iresent in an environmental samIle 2/aberlet et 

al:, 03H0é Deiner et al:, 03HTV: /his Iromise is esIecially intriguing when it comes to 

surveying organisms that are morIhologically difficult to identify: (ichens Irovide one 

such  eQamIle  where  sIecies  identification  is  often  challenging  even  for  taQonomic 

eQIerts 2.ondr”k et al:, 03H8V, with sIecies identification remaining highly deIendent on 

the  level  of  training  2Giordani  et  al:,  0337V:  /o  date,  there  have  been  few  studies 

conducted to assess lichen diversity using eDNA metabarcoding: Rnly a small number 

of studies have attemIted to identify sIecies from bulk sIecimen collections 2Wright et 
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al:, 03H7é xenrie et al:, 0300V: Based on a floristic survey by  Boch et al: 203H)V, it is 

known that the Biodiversity EQIloratories contain a diverse community of lichens: ün this 

study, we used the full set of fungal reads acjuired from eDNA metabarcoding of bark 

surfaces to identify lichenized fungi in the same Ilots and to comIare the results with 

the floristic survey: 

eDNA metabarcoding  studies  usually  include  unsIecific  Irimers  that  amIlify 

many variable target taQa 2/aberlet et al:, 03H0V: By using broad Irimers amIlifying the 

fungal  ü/K0 gene marker  2White et al:,  H773é  ührmark et al:,  03H0V we amIlified 77 

lichen sIecies: Rn average, they corresIonded to 0&á of the total fungal reads in the 

three study regions: Nonetheless, three sIecies of lichenized fungi are among the five 

relatively most abundant taQa in the dataset, Scoliciosporum umbrinum, Lepraria incana 

and Phlyctis argena, with the latter two also being found in the floristic survey: 

Generally, we find that both methods Ireferentially detected sets of different taQa 

with little overlaI: ündeed, only C3 of the H&C sIecies found in total, or 08á Iercent,  

were %ointly identified by both methods: Kome of the sIecies detected in the floristic 

survey, such as  Pseudevernia furfuracea,  are tyIically found on branches or in tree 

crowns 2pranner et al:, 033)V: üt is therefore unsurIrising that they cannot be identified 

using our samIling aIIroach: Additionally, the UNü/E database does not include ü/K 

sejuences of several taQa identified via floristic methods, which therefore cannot be 

assigned from the fungal sejuencing reads: Rn the other hand, eDNA metabarcoding 

allowed us to identify a broader diversity in inconsIicuous genera, such as  Bacidina 

25zarnota and Guzow-przemiíska, 03H9V, which could not be distinguished or were 

overlooked in the floristic survey: ün addition, it is also imIortant to note that H) years lay 

between  the  floristic  and  the  eDNA  metabarcoding  surveys:  ün  the  meantime, 

acidofrejuent sIecies, like Straminella conizaeoides, have been under decline due to a 

reduction in acidic air Iollution 2Farkas et al:, 0300V: 

üt is clear that both methods have unijue challenges that must be overcome: /he 

main drawback of floristic studies is the large time investment and the need for eQIert 

knowledge 2Giordani et al:, 0337é .ondr”k et al:, 03H8V, while the eDNA metabarcoding 

suffers from Ioorly-resolved databases: Rne Iotential solution is the develoIment of 

better  2andOor  lichen-targetedV  reference  databases  that  can  imIrove  the  results 
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obtained  in  the  taQonomic  assignment:  .ery  recently,  .ondr”k  et  al:  2030)V have 

sIearheaded the develoIment of such a database: A different aIIroach could be the 

use of bulk collections of voucher sIecimens for targeted community metabarcoding: A 

Irevious  study  has  shown  that  the  overlaI  between  samIles  of  minimally-trained 

Iersonnel and a lichen eQIert was substantial 2Wright et al:, 03H7V: /herefore, the need 

for  taQonomic  eQIertise could be reduced with  a comIaratively  lower  investment  in 

training:  Due to its  simIle samIling Irotocol,  the eDNA metabarcoding can also be 

eQtended  to  other  surfaces,  which  could  Iotentially  reveal  additional  sIecies: 

Nevertheless, in our oIinion eDNA cannot currently reIlace floristic surveys by eQIerts: 

xowever, they can serve as a comIlimentary tool, for eQamIle, to identify and monitor 

inconsIicuous taQa, or taQa that feature intrasIecific genetic diversity:

 4.5. General Discussion

5haracterizing  unknown  biodiversity  rejuires  considerable  effort:  Due  to  the 

limited number of studies on the microbial life found on the bark surface, it is almost 

imIossible to establish clear hyIotheses  a priori: /hus, the theoretical background of 

this dissertation relies substantially on findings from sIatially-close forest microbiomes 

like the IhyllosIhere and rhizosIhere: ün addition, much of microbial ecological theory is 

still under develoIment, although it has made significant Irogress over the last decade 

2Srosser et al:, 033Té B”lint et al:, 03H8V: 5onsejuently, many methods borrow theory 

from macro-ecological backgrounds, although it is debatable if they can be aIIlied in 

the same manner to microbial conteQts 2Srosser et al:, 033Té ?itter et al:, 03H7é Willis, 

03H7V:

5hanges in microbial Irocesses are generally not easy to address, Iarticularly 

because of fast generation times and the associated constant turnover, which greatly 

surIasses that of long-lived organisms like trees 2e:g:,  2Uhr et al:, 03H7VV: 5ontrary to 

the IoIular belief that all microorganisms are ubijuitous and that microbial communities 

are selected for by the environment 2see  2RŠLalley, 0339VV, studies have  shown  that 

many microbial taQa are actually limited in their disIersal range, which clearly influences 

their  biogeograIhic  distributions  25houdoir  et  al:,  03H9é  Walters  et  al:,  0300V: 

Furthermore, they often engage with each other in many different and often unclear 

interactions 2e:g: 2?amanan et al:, 03H8é Deveau et al:, 03H9é Luggia and Grube, 03H9é 
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Grimm et al:, 030HVV: Nonetheless, many studies only focus on single taQonomic grouIs, 

most Irominently fungi 2e:g:,  2Setrolli et al:, 030HVV and bacteria 2e:g:,  2Aschenbrenner 

et al:, 03HTVV, and disregard these interactions: 

/he strong connections of green algae, fungi and bacteria found in the included 

studies emIhasize the imIortance of their interactions in the bark microbiome: ün fact,  

studies have suggested that some of the interactions and associations between these 

grouIs  are  shaIed  by  the  same  ecological  IrinciIles  as  the  Ilant-microbiome 

interactions  2Dur”n  et  al:,  0300V:  Furthermore,  microorganisms can  maniIulate  and 

mitigate the imIact of environmental conditions 2(andeweert et al:, 033Hé Sauwels et al:, 

030)V, which has Ireviously been shown to alter Ilant-microbiome interactions 2e:g:, 

2Afkhami et al:, 03HCVV: ün our study the weak resIonses to abiotic effects, in addition to 

the strong interactions between taQonomic grouIs, may indicate that similar mitigation 

mechanisms occur in the bark microbiome: 

Aside  from  deterministic  Irocesses,  such  as  environmental  filtering  and 

interactions,  there  is  increasing  evidence  that  many  microbial  Irocesses  are 

underIinned  by  stochastic  effects  2Yhou  and  Ning,  03HTé  Dove  et  al:,  030Hé 

Kkouroliakou et al:, 0300V: /hese Irocesses include disIersal and diversification events 

as well  as ecological drift  2Yhou and Ning, 03HTV: /hey can involve birth and death 

events, the evolution or eQtinction of sIecies, disIersal limitation or so-called Iriority 

effects in colonization events, among others 2Yhou and Ning, 03HTV: xowever, not all of 

these Irocesses are Iurely random, and likely occur simultaneously with deterministic 

Irocesses 2Yhou and Ning, 03HTV: ün the ma%ority of the studies included in this thesis, a 

considerable Iortion of the variance in microbial diversity could not be eQIlained by the 

included deterministic drivers: /herefore, it  is Iossible that stochastic Irocesses are 

also of high imIortance for the forest microbiome: 

Unfortunately,  many  of  the  stochastic  Irocesses  that  Ilay  a  role  in  forest 

microbiomes are currently  unknown: ün  a study of deadwood microbiome assembly, 

xagge et al: 203H7V found that bark increases the imIortance of these Irocesses: Rne 

Iotential Irocess may involve Ireviously-unknown Iriority effects of the bark surface 

microbiome of the living tree,  i:e:,  the microbial  community found on the living bark 

surface shaIed the deadwood community: Furthermore, microbial disIersal is currently 
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Ioorly understood  25houdoir et al:,  03H9é Walters et al:,  0300V:  DisIersal is another 

stochastic Irocess considerably influencing microbial taQa  2Yhou and Ning, 03HTV: ün 

forests,  the bark  surface might  be  an imIortant  disIersal  Iath  that  connects  forest 

habitats  2Baldrian,  03HTV:  Licrobial  taQa  can,  for  eQamIle,  be  transIorted  from the 

IhyllosIhere to soils via stemflow 2Lagyar et al:, 030HV or bilaterally by wind 2Walters et 

al:,  0300V:  ün addition, bark has been IroIosed as a reservoir  of  microbial  diversity 

2Aschenbrenner et al:, 03HTV, that could Iotentially influence assembly Irocesses, for 

eQamIle in the renewing IhyllosIhere in sIring: Both disIersal and reservoir effects 

indicate that the bark surface community may have a role in shaIing the stochastic 

microbiome assembly in other habitats, such as soil, IhyllosIhere or deadwood: 

ün my dissertation, ü clearly show the imIortance of an integrative aIIroach to 

analyzing microbial communities in forests:  Baldrian 203HTV, calls for the inclusion of 

multiIle habitats, which ü further eQtended to the inclusion of multiIle taQonomic grouIs: 

/he considerable overlaI between the soil and bark surface microbiome, as well as the 

significant interactions between the three ma%or microbial grouIs, strongly underlines 

this need for a more integrative aIIroach: Using eDNA as the basis for these genetic 

analyses enables us to juickly and cost effectively acjuire sIecies comIositions not 

only of micro-communities,  but  also for macroorganisms like lichens:  By storing the 

eQtracted DNA, this research could even be eQtended to other grouIs of interest for 

forests, like insects or mammals, which were beyond the scoIe of this dissertation: 

Ly  results  highlight  that  bark  surfaces  are  an  imIortant  but  underestimated 

habitat for microbial diversity: xowever, further research is needed to better understand 

the Irocesses and functions within the forest microbiome: EsIecially the considerable 

number of undescribed or unassignable fungal taQa, which account for uI to &3á of the 

relative abundance in some samIles, underlines how understudied bark surfaces are:  

5onsidering that current estimates suggest that only H3á of fungi have been described 

to date 2xawksworth and (Öcking, 03HTV, bark surfaces offer an oIIortunity to uncover 

a  large  amount  of  new  diversity:  Future  studies  would  greatly  benefit  from  the 

identification  of  these  taQa,  for  eQamIle  by  using  a  combined  aIIroach  of 

2meta-Vgenomics and cultivation: Without knowledge of these taQa, understanding the 
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functions of the bark microbiome and its connection within the larger forest microbiome 

will be challenging 2e:g: 2Aschenbrenner et al:, 03HTé Baldrian, 03HTVV:

ü Irovide a comIrehensive assessment 2and an associated datasetV of the bark 

surface  microbiome  that  is  reIresentative  of  forests  in  5entral  EuroIe  2FischerV: 

Furthermore, ü shed light on the imIortant environmental drivers of these communities: 

Although generalizations, for eQamIle to other climate zones, cannot be directly drawn, 

Irevious  studies  of  macro-ecological  grouIs  have  shown  that  similar  drivers  are 

imIortant in the troIics as well 2Senone et al:, 03H9é Fornoff et al:, 030HV: 

/his baseline of diversity and the key drivers identified in these studies are highly 

valuable for future research Iro%ects, esIecially when it comes to understanding forest 

microbiome Irocesses:  For future users, esIecially in the field of microbial  ecology, 

archival and Irovision of the data is invaluable 2Nekrutenko and /aylor, 03H0é Kandve et 

al:, 03H)é Deiner et al:, 03HTV: 5onsejuently, all my code and data, intermediate and 

raw,  is  available  through  Gitxub  2httIsPOOgithub:comO(ukDreyV,  the  Biodiversity 

EQIloratories ünformation Kystem 2BEQüKé httIsPOOwww:beQis:uni-%ena:deOV and the Khort 

?ead  Archive  2K?Aé  httIsPOOwww:ncbi:nlm:nih:govOsraV:  /he  corresIonding  accession 

numbers are included in the manuscriIts:

 4.6. Critical Evaluation of eDNA metabarcoding 

DesIite the many advantages, eDNA methods also suffer from unijue challenges and 

drawbacks:  Firstly,  the assignment of sIecies from sejuencing variants is  often not 

trivial  2pßl%alg et al:, 03H)é B”lint et al:, 03H8V: Kecondly, many steIs of the IiIeline, 

from  eDNA samIling  to  the  generation  of  a  final  taQonomic  table,  can  Iotentially 

introduce bias or errors 2e:g:, 2/aberlet et al:, 03H0é Deiner et al:, 03HTé Fedia%evaite et 

al:,  030HVV:  /hus,  considerable  knowledge  and  care  is  rejuired,  even  if  sIecies 

identification does not rely on taQonomic eQIertise, with the eQIertise rejuired being 

shifted to other areas such as laboratory work or bioinformatic Irocessing: 

ün the laboratory, Iotential areas of error include the choice of DNA eQtraction 

method, selecting a fitting but broad enough taQonomic Irimer Iair, S5? amIlification 

and the choice of sejuencing method and chemistry 2Deiner et al:, 03HTV: Furthermore, 

DNA degrades juickly under normal environmental  conditions and might already be 
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degraded at the time of samIling, thus limiting the choice of marker genes to shorter  

genetic regions  2Willerslev et al:,  033Cé xansen et al:,  0338V: xere ü chose a broad 

eQtraction kit due to its coverage of both eukaryotic and bacterial organisms: ü used two 

markers  commonly  used  in  microbiome  studies,  and  amIlified  them  using  well-

established, taQonomically broad Irimer Iairs: Additionally, ü used üllumina Kejuencing 

due to its value as a robust and Iroven technology for microbiome studies, its low rate 

of sejuencing errors, and the many bioinformatic tools that are available for this data  

tyIe:  ün  addition  to  robust  and  Iroven  lab  methodology,  ü  also  included  several 

measures to address Iotential contamination issues, namely the inclusion of eQtraction 

blanks, S5? negative controls, and so-called multiIleQ controls to assess levels of tag 

%umI during sejuencing 2Kchnell et al:, 03H&V:

/he outIut of sejuencing runs needs to be eQamined and interIreted carefully:  

Due  to  the  technical  constraints  of  the  machine,  samIles  are  inherently  of  a 

comIositional nature 2Gloor et al:, 03HTV: Because the sejuencing machine has a fiQed 

limit of reads it can Irovide, it is not Iossible to determine if all DNA molecules have 

been sejuenced 2Gloor et al:, 03HTV: Due to these limitations, classical alIha diversity 

measures face several Iroblems in microbiome studies, since they heavily deIend on 

the abundance, or counts in the case of NGK, of the taQa in the community and on an 

eQhaustive samIling  2Willis,  03H7V:  /herefore,  alIha diversity  tends to  increase with 

higher samIling intensity, or in this case, with higher sejuencing deIth  2Willis, 03H7V: 

Because of these two main concerns, some form of bias correction is needed, e:g: by 

using  comIositionally  aware  methods and transformation  2Gloor  et  al:,  03HTV or  by 

correcting for sejuencing deIth in the analysis 2B”lint et al:, 03H&V: ü used both methods 

in this dissertation:

Bioinformatic aIIroaches are necessary to Irocess the resulting reads obtained 

from  the  sejuencing  machine:  When  conducting  an  eDNA metabarcoding  study, 

researchers have to choose between a multitude of tools, Irograms and IiIelines that 

can be of varied accuracy and Irecision  2Deiner et al:,  03HTV:  /he results can vary 

considerably between tools, esIecially in terms of the number of taQa obtained 2Srodan 

et al:, 0303V: ü chose DADA2 25allahan et al:, 03H8V because of its increased sensitivity 

and resolution when comIared to other common methods 2Srodan et al:, 0303V: DesIite 
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DADA2 originating as a tool for classifying H8K amIlicon reads, it also Ierforms well for 

the classification of ü/K amIlicons 2Sauvert et al:, 03H7V: /herefore, the same IiIeline 

could be used for all included organismal grouIs in order to obtain robust comIarisons:

DeIending on  the  chosen  tool,  the  obtained  taQonomic  unit  also  changes: 

Ktudies commonly cluster sejuencing reads either into RIerational /aQonomic Units 

2R/UV  2Kchloss and xandelsman, 033&é  Kchloss et al:,  0337V based on a similarity 

threshold,  e:g:,  7Tá  2Westcott  and  Kchloss,  03H&V,  and  more  recently  into  EQact 

Kejuence  .ariants  2EK.V  or  AmIlicon  Kejuence  .ariants  2AK.V,  which  resolve 

sejuencing reads into taQa at the single nucleotide level 25allahan et al:, 03HTV: /here 

is ongoing debate on the use of AK.s, esIecially for fungi, due to the variable length of  

the ü/K marker 2pauserud, 030)V: xowever, no consensus on which method is suIerior 

in regard to diversity estimation has been reached to date, with valid arguments for both 

2Joos et al:, 0303é 5holet et al:, 0300é /edersoo et al:, 0300é pauserud, 030)V: ün this 

thesis ü have used AK.s because they offer higher resolution without using arbitrary cut-

offs: xowever, ü adoIted best-Iractice tools for Iost-clustering curation 2LULU, 2Frčslev 

et al:, 03HTVV and decontamination 2decontam, 2Davis et al:, 03H9VV to reduce the risk of 

overestimating diversity: 

Loreover, the taQonomic assignment of a taQon relies heavily on the juality of 

the  database  2Balvoöi„t—  and  xuson,  03HTV:  Lany  of  the  most  commonly  used 

databases like GenBank of the National 5enter for Biotechnology ünformation 2N5BüV 

are community driven, i:e:, researchers submit their results to the database 2Benson et 

al:,  03H)V:  /he  accuracy  of  these  databases  has  been  juestioned  in  relation  to 

metabarcoding 2e:g:  2Elbrecht et al:,  03HTVV, but they are generally of high accuracy 

considering the vast amount of data stored in them 2(eray et al:, 03H7V: EQIertly-curated 

databases are rarely available and are often focused on single organism grouIs 2e:g:,  

Kü(.A for bacteria  2Zuast et al:,  03H0V or UNü/E for fungi  2Abarenkov et al:,  030)V: 

xowever,  gaIs  in  coverage  are  still  Irominent  and  are  visible  for  eQamIle  when 

assigning lichen taQonomy: Fortunately, there is an ongoing community effort to obtain 

reference  databases  at  finer  taQonomic  levels  2e:g:,  LartinT  for  EuroIean  lichen 

2.ondr”k et al:, 030)VV, which will be beneficial for future studies:
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Given the considerable amount of uneQIlained variance left in the identification of 

microbiome  drivers,  it  may  be  worthwhile  to  include  additional  variables  beyond 

stochastic Irocesses in future studies: Unfortunately, it is often not Iossible to define all  

environmental  variables  a  priori  or  to  measure  them  during  the  samIling:  /his  is 

esIecially  difficult  for  unknown  habitats  such  as  the  bark  surface,  and  may  leave 

unanswered juestions, for eQamIle, on whether all relevant environmental drivers have 

been caItured by our analysis:
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 5. Summary and Outlook

With my thesis ü contributed to understanding the diversity of 5entral EuroIean forests 

by revealing the unknown fungal, algal and bacterial diversity associated with the tree 

bark surface through the aIIlication of environmental metabarcoding technijues: ün the 

first  two Iarts ü  established a simIle,  fast  and reliable Irotocol  for  eDNA samIling, 

Irocessing and analysis: Kubsejuently, ü assessed the diversity and drivers of the bark 

surface microbiome: ün  the third  Iart,  ü  used the fungal  Iortion of  the bark surface 

microbiome  in  a  focused  comIarison  of  an  unknown  2bark  surfaceV  and  well 

characterized 2soilV  forest habitat:  (astly, ü  evaluated if  eDNA can serve as a stand-

alone tool in biodiversity assessments of lichen forming fungi: 

Ly results clearly highlight the unknown nature of the bark surface microbiome: 

ün Iarticular, the large ×unknown> diversity of fungal taQa evident in all three studies of 

fungal micro-communities warrants the attention of future research: Sotential areas to 

eQIlore  include  isolation  and  cultivation  aIIroaches  to  Iotentially  reveal  the  large 

hidden diversity of the bark surface: Furthermore, ü stress the imIortance of considering 

multiIle dimensions when studying microbial communities: üntegrative samIling of the 

main  microbial  grouIs  enabled  me  to  study  not  only  the  effects  of  environmental  

conditions on individual  grouIs but  also showcased the strong interactions between 

them: Licrobiome studies can clearly benefit from the inclusion of multiIle taQonomic 

grouIs  and  might  even  obfuscate  the  real  underlying  drivers  of  micro-communities 

when only single taQonomic grouIs are included: 

/he data generated in my thesis can be a basis to generate hyIotheses about  

resIonses of microbial  forest  taQa:  For eQamIle,  the data can be used in modeling 

aIIroaches that try to Iredict  resIonses of the microbiome under changing climatic 

conditions: /his could be useful to Iredict the future of the forest microbiome and its  

stability, and to identify strategies to mitigate Iotential imIacts  2Baldrian et al:, 030)V: 

Datasets like this have already been used to Iredict soil health 2Wilhelm et al:, 0300V, or 

are  necessary  to  validate  Iredictions  of  microbiome  comIositions  based  on 

environmental variables 2Garcša-Jim’nez et al:, 030HV: 
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Lany  oIIortunities  to  study  the  diversity  of  bark  surface  microbiomes  were 

beyond the scoIe of this dissertation: Sossibilities for new research Iro%ects includeP ü: 

the individual samIling of micro-niches on the tree bark, such as cracks or tree holes to 

develoI  a  finer  sIatial  understanding  of  the  microbiome,  üü:  the  reIeated  samIling 

throughout the year to assess seasonal community dynamics, üüü:  the effects of tree 

sIecific variation in chemical variables, for eQamIle in bark Ix or molecules linked to 

anti-microbial bark IroIerties like suberin, ü.: the inclusion of 2meta-Vgenomic andOor 

2meta-VtranscriItomic analyses to gain an understanding of the functional Irofile of the 

bark microbiome and how it contributes to the function of the forest microbiome: (astly,  

future studies could take the eDNA biodiversity assessment beyond the descriItion of 

diversity: ?ecently develoIed methods allow the use of unclassified taQa in Iredictions 

of ecological states 2peck et al:, 030)V, thus circumventing the aIIarent database issue 

for eDNA surveys of lichens:
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Zusammenfassung

Wälder sind eines der wichtigsten 6kosysteme der Erde und bedecken etwa ein Drittel  

der  Erdoberfläche:  Ungefähr  0&á  dieser  Waldflächen  befinden  sich  auf  dem 

euroIäischen pontinent und beherbergen einen groXen /eil der biologischen .ielfalt in 

EuroIa:  Wälder,  und  insbesondere  Bäume  als  KchlÖsselarten  dieses  6kosystems, 

leisten einen wichtigen Beitrag zu den globalen Wasser- und Nährstoffkreisläufen und 

gelten als grőXter KIeicher von aus der AtmosIhäre fiQiertem pohlenstoff: Durch ihre 

Wuchsform  strukturieren  Bäume  den  Wald  in  eine  .ielzahl  von  verschiedenen 

(ebensräumen, wie beisIielsweise Baumkronen, Wurzeln oder auch den Ktamm: All 

diese (ebensräume werden von einer .ielzahl an Likroorganismen besiedelt, welche 

fÖr  die  Nahrungsnetze  und Ktoffkreisläufe  von hoher  Bedeutung sind:  ünsbesondere 

AbbauIrozesse von organischem Laterial  durch Bakterien und Silze, aber auch die 

FiQierung von wichtigen Nährstoffen wie ShosIhor durch LykorrhizaIilze sind hierbei 

hervorzuheben:

Baumstämme sind ein wichtiger (ebensraum in Wäldern, und bieten aufgrund 

der saisonalen Ktabilität  und Ktruktur  der Borkenoberfläche viele kleine Nischen zur 

Besiedlung  durch  eine  .ielzahl  von  Rrganismen:  /rotz  der  erschwerten 

(ebensbedingungen  durch  eine  geringe  .erfÖgbarkeit  von  Nährstoffen  und  Wasser,  

sowie  eine  hohe  U.-Ktrahlung,  wurden  auf  der  Borke  bereits  eine  hohe  .ielfalt 

verschiedener GruIIen wie Flechten und Loose beschrieben: Nichtsdestotrotz stellt die 

Borke einen bisher vernachlässigten (ebensraum dar, mit deren Artenvielfalt sich nur 

wenige Ktudien befasst haben: xierbei wurden Flechten und ihre Kymbionten, sowie 

xefeIilze  und  5yanobakterien  als  die  charakteristischen  Rrganismen  des  xabitats 

Borke identifiziert: ün anderen Ktudien aus troIischen und temIeraten Wäldern wurden 

auXerdem Gemeinschaften von GrÖnalgen, Silzen und einer .ielzahl an Bakterien auf 

der  Borke  gefunden  und  die  Borkenoberfläche  als  ein  Iotentielles  ?eservoir  fÖr 

mikrobielle  Diversität  beschrieben:  Yum  %etzigen  YeitIunkt  fehlt  eine  umfassende 

Betrachtung der Artenvielfalt auf der Rberfläche der Borke, insbesondere mit xinblick 

auf die mikrobielle Diversität von GrÖnalgen, Silzen und Bakterien: 

Besonders die mikrobielle Diversität lässt sich mit konventionellen Lethoden nur 

schwer  beschreiben  und  eine  Unterscheidung  zwischen  Arten  ist  häufig  nur  durch 
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LikroskoIie oder chemische /ests mőglich: Besonders die hohe Anzahl an Rrganismen 

macht  eine Beschreibung grőXerer (ebensräume nahezu unmőglich: Abhilfe kőnnen 

hierbei  molekulare  Lethoden  schaffen,  wie  zum  BeisIiel  die  Srobennahme  von 

sogenannter [environmental DNA×, also der Entnahme von DNA aus der Umwelt 2auch 

eDNA genanntV: Littels moderner /echniken der xochdurchsatz-Kejuenzierung kőnnen 

so der GroXteil der an einem Rrt vorkommenden Arten identifiziert werden: 

Die  Yielsetzung  dieser  Dissertation  war  es  daher,  eine  Lethode  zur 

Beschreibung der Artenvielfalt  auf der Borkenoberfläche mittels eDNA zu entwickeln 

und  zu  identifizieren  durch  welche  UmweltIrozesse  die  Gemeinschaften  der 

Borkenoberfläche  beeinflusst  werden:  Die  Arbeit  gliedert  sich  in  vier  /eileP  ü:  die 

Etablierung  einer  Lethode  zur  Srobennahme  und  Beschreibung  der  Diversität  des 

Borkenmikrobioms,  d:h:  aller  Likroorganismen  auf  der  Borkenoberfläche:  üü:  die 

Erweiterung der Srobennahme auf groXe geograIhische Areale und Umweltgradienten 

um zu identifizieren welche Srozesse die mikrobiellen Artgemeinschaften beeinflussen, 

üüü:  die  gemeinsame  Betrachtung  von  Borken-  und  Bodenmikrobiomen  um  die 

Unterschiede in der Diversität von zwei wichtigen Waldlebensräumen zu untersuchen: 

Und ü.: die Evaluierung von Umwelt-DNA als Lethode zur partierung von Flechten als 

einer der wichtigsten GruIIe auf Borkenoberflächen: 

6kologische  Ktudien  beschäftigen  sich  häufig  mit  der  ?eaktion  von 

Artgemeinschaften  auf  verschiedene  UmwelteinflÖsse:  FÖr  die  mikroorganismischen 

Gemeinschaften auf der Borke wurden diese ?eaktionen bisher wenig untersucht und 

sind daher weitestgehend unbekannt:  Deshalb ist  es nőtig die .orgänge in anderen 

Baumlebensräumen  zu  betrachten,  um  xyIothesen  Öber  die  Srozesse  auf  der 

Borkenoberfläche  aufzustellen:  Die  Öberwiegende  Lehrheit  der  Ktudien  zu 

oberirdischen  Baumhabitaten  beschäftigt  sich  mit  der  2mikrobiellenV  Diversität  in 

Baumkronen, der sogenannten ShyllosIhäre: ün diesem xabitat wurden bereits mehre 

UmwelteinflÖsse  als  treibende  präfte  hinter  .eränderungen  der  mikrobiellen 

Gemeinschaften  beschrieben:  Yum  BeisIiel  bedingte  eine  bessere 

WasserverfÖgbarkeit, sowie eine hőhere UmgebungstemIeratur eine hőhere Diversität 

von Algen, Silzen und Bakterien und U.-Ktrahlung war ein wichtiger Einflussfaktor fÖr 

die Artzusammensetzung der bakteriellen Gemeinschaft:  Des Weiteren hat das Alter 
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des Wirtsorganismus einen groXen Einfluss, sowohl auf die Diversität von Likro- als 

auch von Lakroorganismen: 

Yusätzlich  zu  den  EinflÖssen  der  Umwelt  beeinflussen  sich  Likroorganismen 

durch verschiedenste ünteraktionen auch gegenseitig: Die Flechtensymbiose ist eine der 

ältesten  bekannten  ünteraktion  zwischen  mehreren  Likroorganismen  und  wird 

heutzutage  als  [Likro-6kosystem×  bestehend  aus  mehreren  Silzen,  Algen  und 

Bakterien  gesehen,  welche  die  beiden  xauItIartner  der  Kymbiose  ergänzen:  Auch 

auXerhalb der Flechte kommen diese Artgemeinschaften auf der Borkenoberfläche vor, 

und interagieren dabei auf vielerlei Art und Weise: Aufgrund ihrer Shotosyntheseaktivität 

nehmen Algen  in  diesen  Gemeinschaften  die  ?olle  der  SrimärIroduzenten  ein  und 

werden von Bakterien und Silzen mit Nährstoffen wie Ktickstoff oder ShosIhor versorgt,  

die sie nicht selbst bereitstellen kőnnen: Aufgrund dieser vermuteten ünteraktionen ist es 

wichtig,  nicht  nur  einzelne  RrganismengruIIen  zu  betrachten,  sondern  bei  der 

Untersuchung  einen  holistischen  Ansatz  mit  mehreren  taQonomischen  GruIIen  zu 

wählen: 

Um  diese  abiotischen  und  biotischen  Faktoren  und  ihren  Einfluss  auf  die 

Artgemeinschaften  der  Borkenoberfläche  zu  untersuchen  ist  es  essentiell,  die 

mikrobiellen  Gemeinschaften  direkt  in  Wäldern  zu  beIroben:  xierfÖr  bietet  die 

ForschungsIlattform der Biodiversitäts-EQIloratorien eQzellente ?ahmenbedingungen: 

Kie  ermőglichen  die  Srobennahme  in  einem  groXen  geograIhischen  ponteQt  und 

stellen dafÖr etwa H&3 .ersuchsflächen in Wäldern in ganz Deutschland bereit, welche 

reIräsentativ fÖr mitteleuroIäische Wälder sind: üm ?ahmen dieser Dissertation wurden 

etwa 0&3 Umwelt-DNA Sroben aus diesen H&3 .ersuchsflächen genommen und die 

hier  gefundene  Diversität  von  Algen,  Silzen  und  Bakterien  untersucht:  Lithilfe  von 

/uIfern,  welche normalerweise zur  medizinischen Srobennahme eingesetzt  werden, 

wurden  die  Likroorganismen  auf  der  Borkenoberfläche  aufgesammelt  und 

anschlieXend chemisch fiQiert: 

Dank  moderner  Lethoden  der  xochdurchsatz-Kejuenzierung  wurde  die 

Untersuchung der mikrobiellen Diversität hochgradig vereinfacht: Durch Leta-Barcoding 

Ansätze lassen sich nicht nur eine groXe Anzahl an Arten aus einer einzelnen Srobe,  

sondern auch eine hohe Yahl an verschiedenen Sroben gleichzeitig sejuenzieren: Die 
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üdentifizierung von verschiedenen Arten erfolgt hierbei durch verschiedene kurze DNA 

Fragmente, sogenannter Larker-Gene, welche eine Art eindeutig kennzeichnen: Durch 

zusätzliche  Basen  an  den  zur  Kejuenzierung  eingesetzten  Srimer,  lassen  sich  die 

verschiedenen DNA Kejuenzen sIäter bioinformatisch einer Srobe zuordnen: 

üm (abor wurde die gesamte in den fiQierten Sroben enthaltene DNA eQtrahiert 

und Larker-Gene der Algen 2ü/K0V, Silze 2ü/K0V und Bakterien 2H8KV in %eweils drei 

?eIlikaten Iro ArtengruIIen mittels S5? vervielfältigt: Das (abor-Srotokoll beinhaltete 

dabei  EQtraktionskontrollen,  S5?-Negativkontrollen  und  LultiIleQ-pontrollen  um 

Iotentielle pontaminierung auszuschlieXen bzw: zu kontrollieren: Die insgesamt mehr 

als  )333  technischen  ?eIlikate  wurden  anschlieXend  via  üllumina-Kejuenzierung 

sejuenziert: Die resultierenden DNA Kejuenzen wurden auf ihre Zualität ÖberIrÖft, den 

Sroben  zugeordnet  und  in  sogenannte  [AmIlicon-Kejuencing-.ariants×  unterteilt, 

welche  die  Kejuenzen  anhand  von  Unterschieden  in  einzelnen  BasenIaaren  in 

Iotentielle  [Arten×  unterteilt:  AnschlieXend  wurde  durch  eine  weitere  puratierung, 

basierend  auf  der  Abundanz  und  dem  gleichzeitigen  Auftreten  von  Kejuenzen 

sichergestellt, dass die Diversität in den folgenden Analysen nicht verzerrt wird: 

Auf  der  Basis  der  generierten  Datensätze  habe  ich  die  .eränderungen  der 

Diversität  und  Artzusammensetzung  der  mikrobiellen  Gemeinschaften  der 

Borkenoberfläche  und  ihre  .erbindungen  zu  anderen  Waldmikrobiomen  untersucht: 

ünsgesamt habe ich mehr als 033 verschiedene Algen, mehr als H&33 Silze und knaII 

0333 Bakterien gefunden: Die xauItergebnisse meiner Dissertation sindP

H: Ein  erheblicher  /eil  des  borkenassoziierten  Likrobioms  mitteleuroIäischer 

Wälder ist unbekannt 2LanuskriIte H, 0 und )V: ünsbesondere in der GruIIe der 

Silze  konnten  viele  der  genetisch  unterscheidbaren  Rrganismen  keiner  Art 

zugewiesen werden: Dies trifft unter anderem auch auf viele Rrganismen zu, die 

mithilfe  mikrobieller  Netzwerke  als  wichtige  Arten  fÖr  das  Borkenmikrobiom 

identifiziert werden konnten: xieraus lässt sich schlieXen das die Borke Iotentiell 

ein (ebensraum fÖr viele bislang unbekannte Arten ist, welche aber eine wichtige 

őkologische ?olle in der mikrobiellen Gemeinschaft Öbernehmen:

0: Wichtige  Srozesse  die  die  Diversität  und  Artzusammensetzung  der 

borkenassoziierten  mikrobiellen  Gemeinschaft  beeinflussen sind  das Alter  der 
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Wirtsbäume  2LanuskriIt  HV,  einige  abiotische  Faktoren  wie  /emIeratur, 

(uftfeuchtigkeit  und  (ichteinfall  2LanuskriIt  0V,  starke  ünteraktionen  zwischen 

den drei taQonomischen GruIIen 2LanuskriIt 0V, sowie die in geringem LaXe 

die  Baumart  2LanuskriIt  )V  und  die  geograIhische  Distanz  2LanuskriIt  0V:

Die abiotischen Faktoren haben hierbei vor allem einen starken Einfluss 

auf die Anzahl der Arten in der Gemeinschaft und nur einen geringen Effekt auf 

deren  Yusammensetzung:  .on  besonderem  ünteresse  ist,  dass  Silze  und 

Bakterien häufig gegensätzliche ?eaktionen zu abiotischen EinflÖssen zeigen, 

was  bereits  fÖr  unter  /rockenstress  stehende  mikrobielle  Gemeinschaften  in 

Bőden gezeigt  wurde:  üm Gegensatz  zu  den abiotischen Faktoren haben die 

biotischen ünteraktionen einen starken Einfluss auf die Artzusammensetzung des 

Borkenmikrobioms, welcher auch durch die starken .ernetzungen zwischen den 

Rrganismen gezeigt werden konnte: Besonders stark ist  hier der Einfluss der 

Bakterien, welche mőglicherweise durch Nährstoffaustausch mit den Algen und 

Silzen  interagieren:  ünsgesamt  lässt  sich  sagen,  dass  die  Artenzahl  des 

Likrobioms  durch  die  Umwelt  limitiert  wird,  während  ünteraktionen  die 

Artzusammensetzung  bestimmen  und  als  treibender  Srozess  hinter  den 

.eränderungen der mikrobiellen Gemeinschaft wirken: 

): Die  Artzusammensetzung  der  Likrobiome  des  Waldbodens  und  der 

Borkenoberfläche sind signifikant unterschiedlich 2LanuskriIt )V: Nur etwa Cá 

der gefundenen Rrganismen kamen in beiden Likrobiomen vor, aber machten im 

Durchschnitt  mehr  als  83á  der  relativen  Abundanz  aus:  ün  mikrobiellen 

Netzwerken konnte gezeigt werden, dass die Rrganismen zwar hauItsächlich 

innerhalb ihres (ebensraums interagieren, es aber auch eine klar erkennbare 

.erbindung von Rrganismen zwischen Borke und Boden gibt: Diese .erbindung 

unterstreicht, dass Baumstämme als verbindende Elemente der (ebensräume in 

Wäldern  dienen  kőnnen,  beisIielsweise  durch  den  /ransIort  von 

Likroorganismen der Baumkrone zum Boden durch den Ktammabfluss: 

C: Die eDNA-Lethode ist zum %etzigen YeitIunkt nicht als eigenständige Lethode 

fÖr  die  Flechtenkartierung geeignet  2LanuskriIt  CV:  Ywar konnten mithilfe  der 

eDNA etwa  H33  verschiedene  Flechtenarten  gefunden  werden,  aber  nur  C3 
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dieser  Arten  wurden  auch  in  einer  033TO0339  von  EQIerten  durchgefÖhrten 

floristischen partierung auf den gleichen .ersuchsflächen gefunden: Allerdings 

konnte durch die  eDNA eine hőhere Diversität  bei  morIhologisch nur schwer 

bestimmbaren Genera gefunden werden: Die momentan grőXte xÖrde fÖr den 

Einsatz  von  eDNA zur  Bestimmung  von  Flechten  waren  nicht  vorhandene 

?eferenzsejuenzen in den gängigen Datenbanken, zum BeisIiel waren einige 

der  häufigsten  Arten  der  floristischen  partierung  nicht  in  den  Datenbanken 

vertreten:  Aktuell  kann  die  eDNA deshalb  nur  als  ergänzende  Lethode  zur 

partierung durch EQIerten eingesetzt werden um beisIielsweise morIhologisch 

kryItische Arten zu unterscheiden:

ünsgesamt  trägt  diese  Arbeit  zu  einem  besseren  .erständnis  der  Diversität  von 

Artgemeinschaften auf der Borke von Bäumen in mitteleuroIäischen Wäldern bei und 

zeigt, wie diese Gemeinschaften von ihrer Umwelt beeinflusst werden: Erstmals wurde 

gezeigt ,dass die ünteraktionen zwischen den Rrganismen einen stärkeren Einfluss auf 

die  Artzusammensetzung  des  Borkenmikrobioms  haben  als  die  abiotische  Umwelt, 

weshalb eine ganzheitliche Betrachtung mehrerer taQonomischer GruIIen unabdingbar 

ist:  Yusätzlich  zeigt  der  Unterschied,  aber  auch  insbesondere  die  .erbindungen 

zwischen  den  verschiedenen  Likrobiomen  der  Waldlebensräume,  dass  es  fÖr 

zukÖnftige Ktudien von groXer Bedeutung ist,  mehrere (ebensräume gleichzeitig  zu 

untersuchen  um  die  .erbindungen  und  Srozesse  des  gesamten  Waldmikrobioms 

besser zu verstehen: Die Nutzung der Lethode eDNA Leta-Barcoding ist hierbei, trotz 

einiger  methodischer  xerausforderungen  wie  beisIielsweise  (Öcken  in  den 

?eferenzdatenbanken und der benőtigten bioinformatischen EQIertise, ein geeignetes 

Littel  um  die  mikrobielle  Diversität  in  bisher  unerforschten  xabitaten wie  der 

Borkenoberfläche in Wäldern zu erfassen und zu beschreiben: Leine Dissertation kann 

auXerdem  als  Grundlage  fÖr  weitere  Ktudien  dienen,  um  beisIielsweise  andere 

Likrobiome  der  mitteleuroIäischen  Wälder  zu  vergleichen,  die  Funktionen  des 

Waldmikrobioms weiter zu untersuchen oder auch um ausgewählte Bakterien, Silze und 

Algen und die Entwicklung ihrer Diversität Öber längere Yeiträume zu beobachten: Der 

umfangreiche Datensatz der mikrobiellen Diversität in mitteleuroIäischen Wäldern kann 

auXerdem die Basis fÖr weitergehende Irädiktive Lodellierung bilden, zum BeisIiel um 

die ?eaktionen des Likrobioms auf den fortschreitende plimawandel vorherzusagen: 
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