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ZUSAMMENFASSUNG

Der globale Klimawandel beeinflussWal d° kosyst e me sowohl di

Temperaturanstieg) al s aeraghisse wiadWindelkfgdDiedez . B.

Veranderungen wirken sich auf die Struktur und Prozesse von Walddkosystemen aus,
einschlieBlich Totholz, das wichtige Lelseaume bietet und zentrale Okosystemfunktionen
unterstitzt. Der Abbau von Totholz spielt eine entscheidende Rolle bei der Regulierung von
Kohlenstoff und Nahrstoffkreislaufenn Waldern Dieser Abbau wird jedoch durch ein
komplexes Zusammenspiel zwischdmweltbedingungen und holzabbauenden Organismen
beeinflusst. Klimawandebedingte Stérungen wie Windwirfe fihrensofern das
Forstmanagement das Holz nicht entferateiner Zunahme von Totholzmenge unielfalt,
wahrend sie gleichzeitig durden Baumkonenverlust das Mikroklima im Bestand verandern.
Diese Verédnderungen kdnnen die Zersetzung von Totholz und damit verbundene Prozesse
beeinflussenStudien haben gezeigt, dass ddikroklimaeinwichtiger Faktoiist, dass sowohl

die Abbaurate als auch di&rtzusammensetzung der Zersegmmeinschaftendirekt

beeinflussen kann.

Dennoch bestehen erhebliche Wissenslutiaspielsweiséariber, wie Umweltvariablen auf
Bestandesund Objektebene die innere Totholztemperatur und damit méglicherweise auch die
Besiallung und Aktivitat von Zersetzerwie totholzzersetzende PilzsgeinflussenZwar ist
bekannt, dass das Mikroklima auf Bestandsebene die VielfaltzdrsiztzenderPilze
beeinflusst, jedoch sind die Folgen langfristiger mikroklimatischer Veranderundesieau
Sukzession von Pilzgemeinschaften weitgehenoekannt Ebenso ist das Zusammenspiel
zwischen abiotischen Faktoren, Pilzdiversitat und deren kombinierter Einfluss auf
Zersetzungsprozesse bislang unzureichend verstanden. Die meisten Studien untéishehten
die Effekte vonUmweltparameter oder Pilzdiverditauf Totholzzersetzungsoliert und
vernachlassigten dabelie indirekten Effekteder Umwelt auf die Beziehung zwischen
Pilzdiversitat und Zersetzungur SchlieBung dieser Wissensliicken analysierte ich Daten eines
LangzeitTotholzexperiments, da 2011 m Nationalpark Bayerischer Wald eingerichtet

wurde.

Im ersten Teil meiner Dissertation untersuchte ich, wie Faktoren auf Bestandesebene
(Baumkonendffnung, umliegende  Totholzmenge) und  Objektebene (Baumart,
Totholzdurchmesser/Position) die innere Temperair von Totholz beeinflussen. Die
Kronenbedeckung erwies sich als der wichtigste Faktor: In offenen Bestanden waren wahrend

der Vegetationsperiode (Mé&ktober) Tageamitteltemperatuund Tagesnaximumtemperatur
IX
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héher, wahrend die Tagesimuntemperatur niedger war als in geschlossenen Bestanden.

Im Winter (NovembeiApril) fihrten offene Bestdnde zu niedrigeMinimumtemperatuim

Totholz Insgesamt lag dimittlereJahrestemperatun TotholzunteroffenenBaumkonen um

etwa 1 AC (Mitt eliweurnt)) htPzhve.r 5 nAlC e(tMaa 2 AC (
unter geschlosseneBaumkonen. Die weiterenFaktoren hatten schwachere und weniger
konsistente Effekteauf die TemperaturDiese Ergebnisse deuten darauf hin, ddis
klimawandebedingte Zunahme vonWindwirfen und die dadurch verursachten
Kronenstérungen die Temperaturverhéltnisse im Totholz verandewh somit die
LebensbedingungetotholzzersetzendePilze sowie diedamit verbundene Abbaupozesse

beeinflussen kdnnite

Im zweiten Teil analysierte ich, wisich dasMikroklima auf Bestandesebenauf die
Sukzessionund die Zusammensetzung der Artenmginschaftvon fruchtkérperbildenen
Pilzartenauswirkt Uber einen Zeitraum von zehn Jahren konnte eine zunachst ansteigende,
spater abnehmende Diversi#ét Artenbeobachtet werden, wobei der Riickgang unter offenen
Baumkonen deutlicher ausfieDie Zusammensetzung der Artengemeinschaften unterschied
sich zwischen offenen und geschlossenen Baumkronen und blieb lGlzehdidahe relativ

stabil wobei et wa 25 % der unt®idneradet ebaidenaus s c
Baumkonerbedingungervorkamen. Diese spezialisierten Arten besiedelten jedoch weniger
Totholzobjekte als Arten, die in beiden Bedingungen auftratenERjebnisse deutedarauf

hin, dass die Sukzession dtholzzersetzendeRilze eine gewisse Resiliengegeniber
mikroklimatischen Ver&nderungen zeigt, vermutlich durch artspezifische Toleranzen oder

Spezialisierungen.

Im dritten Teil der Dissertation analysier¢ ich inwiefern Umweltbedingungen und
Pilzdiversitat die Abnahme von Totholzdichte (Proxy fur Zersetzung) beeinflussen. Dabei
wurden sowohl die direkten Einfige der Pilzdiversitaund der Umwelauf die Zersetzung als
auchdie indirekten Effekte der Umweltliberden Einfluss auf die PilzgersitatgetestetEs
zeigte sich, dassBaumart und Kronenbedeckundie starksten Pradiktoren fur die
Zersetzungsrat@aren Dabei zersetzte sidduchenholz starker als Tannenholz, und in offenen
Bestdanden war der Abbagrofer as in geschlossenen. Obwohl Umweltfaktoren die
Pilzdiversitat beeinflussten, war der direkte Einflues Pilzdiversitat auf die Zersetzung
schwach undinkonsistent zwischen den Baumarten und Erhebungsmethodgiese
Erkenntnisse deuten darauf hin, dags£Brsetzung von Totholz sowie die damit verbundenen

Kohlenstoff und Nahrstoffkreislaufe maf3geblich durch klimadebedingte Stérungen und
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forstwirtschaftliche MaflRnahmen beeinflusst werdamsbesondere durcht@ungen der

Baumkronerund die Auswahl deBaumarten.

Zusammenfassend belegen die Ergebnisse, dass Kronendffnungen malidjebirctere
Totholztemperatur beeinflussamd die Zersetzungsprozesse beschleunigen kénnen, was
langfristig zu einer Reduktion der Kohlenstoffspeicherung und einer verstarkten
Kohlenstoffreisetzung fuhren kénnte. Obwohl sich die Pilzgemeinschaften insgesamt als
relativ widerstandsfahig erwiesdmben hangen sowohl deren Vorkommen als auch die
Totholzzersetzung stark von der Verfiigbarkeit von Feuchtigkeit aim Faktor, der unter
zunehmender Dirrehaufigkemsbesonderen offenen Bestdnden kritisch werden konnte.
Kinftige Forschung sollte dahgerstarkt die Wechselwirkungen zwischen Feuchtigkeit und
Temperatur auEbene einzelner Totholbekte sowie deren gemeinsame Effekte auf die

Diversitat und Funktion von Zergergemeinschaftebertcksichtigen.
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SUMMARY

Global climate change affects forest ecosystems directly (e.g., via temperature increase) and
indirectly (e.g., via disturbancesich as windthrowWs These changes affect forest ecosystem
structures and processes, including deadwwbdath provides critical hakats and supports key
ecosystenfunctions Deadwood decomposition is essential for regulating carbon and nutrient
cyclesin forest ecosystemgHowever, it is influenced by a complex interaction between
environmental conditions and woad@caying organisms Climate changeinduced
disturbances, such agindthrows, increase deadwood quantity and heterogeneity when not
salvagelogged, while altering stand microclimate through canopy IoHsese banges can
profoundly affect deadwood decomposition aekhtedprocesses. Among these, microclimate
emerges as a criticdhctor, with previous studies demonstrating its capacity to directly
influence decomposition rateand decomposer communitycomposition. Nevertheless,
considerable knowledge gaps persist regardmg environmental variables at both the stand
and objectscales impact the internadeadwoodtemperature thus potentially influencing
colonization and activity olecomposex such as deadwoedhabiting fungi Although it is

well established that micrbmatic conditions at the stamstalecan shape the diversity of
deadwooenhabiting fungi, the consequences of sustained microclimatic shifts on fungal
succession remain largelykmown Furthermore, the interplay between abiotic factors, fungal
diversity, and their combined effects on decomposition dynamics is poorly understost.
studies have examinedenvironmental parameters or fungal diversity in isolation, often
neglecting the direct and indirect effectdtué environmenbn fungal diversitydeconposition
relationshipsTo address these knowledge gaps, | analyzed data from ¢elongleadwood

experiment established in 2011 in the Bavarian Forest National Park.

In the first part of my dissertation,examinedhow standscale factorsganopy opennas
surrounding deadwood amount) and obgle factorstfee speciesgeadwood diameter,
deadwood positiomgffectinternaldeadwood temperatur€anopy cover emerged as the most
important factor influencing deadwood temperature. During the growing reg@day-
October), daily mean and maximum temperatwesleadwood objectsvere significantly

higher, while daily minimum temperatures were lower, in open canopies compared to closed
canopies. In winter (Novembéypril), open canopies resulted in lower daiginimum
temperatures. These temperature differences were significant, with annual mean and maximum
temperatures in open canopies being approximatéy 4nd 5°C warmer, respectively, and

minimum temperatures being about@ colder, compared to closedropies. Other factors,
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including surrounding deadwood amount, deadwood position (soil contact versus uplifted),
deadwood diameter, and tree species, had weaker and less consistent effects on internal
deadwood temperature, with statistically significarié&t observed ia fewmonths.These

results suggest that, under climate change, increasing windthrows could alter internal deadwood
temperatures, potentially affecting habitat conditions for deadwlecdmposing organisms

and related ecologicakocesses.

Second, | analyzed how canemediated microclimate influences fungal succession, focusing

on fungal fruit body diversity and community composition. Over 10 years, fungal diversity
initially increased during the early stages of succession dmgkbgquently decreased, with a

more pronounced decline under open canopies. Despite these changes in diversity, community
dissimilarity between canopy treatments remained largely stable, with approximatélp25

fungal species exclusive to either openlosed canopies. Species exclusivepen or closed
canopiesvere found on fewer deadwood objects compared to those occurring in both canopy
conditions. These results suggest that fungal succession on deadwood is relativethy tesil

changes in canopywerdue to species specialization or tolerance

Third, | investigated factors influencing deadwood decomposition, focusing on how
environmental variables and fungal diversity contribute to deadwood density loss after 10 years
of decomposition. | addressélte previously mentioned knowledge gap by explicitly testing
simultaneouslythe direct effect of fungal diversity, as well as both the direct environmental
effects on density loss and the indirect effects mediated through fungal diversity. My results
showed that tree species and canopy cover were the primary drivers of deadwood
decomposition. Beech logs showaidherdensity loss compared to fir logs, and deadwood in
open canopiesexhibited higher decomposition than in closed canopies. Although
environmeral factors influenced fungal diversjtyhe direct effects of fungal diversity on
decomposition were weak and imsistent across tree specasd sampling method3 hese
findings suggest that deadwood decomposition and the associated carbon and gateent c
are largely shaped by climaiteduced disturbances and forest management practices,

particularlycanopy disturbance aricke species selection.

In conclusion, my studies demonstrate that canopy openings influence deadwood temperature

regulation and accelerate decomposition, potentially reducing carbon sequestration and

increasing carbon release. Although fungal commemishowed overall resilience, fungal

occurrence and deadwood decomposition strongly depend on moisture availability, which may

decline with more frequent droughts, particularly under open canopy conditions. To fully
X1



understand the resilience of these comities and the longerm dynamics of deadwood
habitats, future research should address key knowledge gaps concerning the interplay of
moisture and temperature at the object scale and their combined effects on fungal diversity and

decomposition processes.
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1 INTRODUCTION

Forest ecosystems covapproximately31 % of the global terrestrial land aré@@AO, 2020)

They provide awide rangeof ecosystem servicesncluding climate regulation carbon
sequestration, soil stabilization, water retentsupportof biological diversity(Krieger, 2001)
andhuman recreatio(Meyer et al., 2019However, global climate change significantly affects
forest ecosystems and ecosystem services at various scales due to inateaspberic C®
concentrations, which alter mean annual temperatures and precipitation {H€ms2023)

These alter@ons challenge the stability of the environmental parameters to which tree species
are evolutionarily adapted, as their ecological niches are defined by specific interactions
betweenenvironmental (e.g.climatic) and biological (e.g.habitat structurecompetition)
conditions(Pocheville, 2015)They are londiving organisms that are not able to change their
location and it is unlilely that they will be able to track the rapid changes in future climate
conditions(Aitken et al., 2008; Corlett and Westcott, 2Q1Bjus, tree species are especially
vulnerable to climate change, potentially leading to maladapted forest ecosjdtiver and
Wheaton, 2005)Furthermore, current forest management with monocultures and harvested
deadwood up to 9% of the potental deadwood volume due to intensified utilization, pest
control, or biofuels further leado less resilient forest ecosystems naturéiokland et al.,
2012) This is particularly evident in the fact that forest ecasyistare poorly adapted to the
indirect effects of climate change, suchimasreasing disturbance events such as droughts,
windthrows, pest infestations (e.g., bark beetles), and(f@l et al., 2014; Turner, 2010)

These future disturbance events might exceed the range of natural disturbance variability and
increasan both frequency and intensifilillar and Stephenson, 2015; Seidl et al., 2017; Senf

et al., 2018)which makes disturbed areas particularly vulnerable to further disturbances due to
their low resiliencdBuma, 2015; Johnstone et al., 2016; Paine et al., 1988%, recovery of
forest canopies to pr@isturbance conditions might exceed several decalggithrowsare

the most prevalent disturbarscaffecting forest ecosystems in Western and Central Europe
(Senf and Seidl, 2021They increase ¢ mortality, leading to an accumulation of dead trees,
which serve as an essential biological legacy when not salegged for pest contr¢Bassler

et al., 2016) Additionally, windthrows enhance¢he structural complexity and spatial
heterogeneityof forestsby contributing deadwooaf various diameter classes (logs and
branches) and positions (lying or uplift€@riewasser et al., 2013; Ruel, 1995; Swanson et al.,
2011)



The resulting dedwood is essential for water and nutrient storagpportssoil development,
and contributes to the global carbon cycle by storing, exchanging, and regulating carbon
dynamics (Forresteret al., 2012; Pichler et al., 2012plobally, deadwood accounts for
approximately 86 of forest carbon stockPan et al., 2011As deadwood decomposes, carbon
is transferred to forest soflsB § o (Es k a , ¢hbughetHis.process Bah @Ke years to decades
depending on various factor@araruk et al., 2020)However, during decompositipn
deadwood is a biodiversity hotspafith approximately 284 of forestdwelling species relgg

on deadwood, eitheindirectly, through interactions with woedecomposing organisms at
various stages of their life cyclest directly, as a habitat or food source by feeding on bark,
phloem, or woodParisi et al., 2018; Siitonen, 2001; Stokland et al., 20M2)se species are
defined as saproxylic speciéStokland et al., 2012 he mostimportantwood decomposers

are fungi, bacteriaand nvertebrate¢Begon et al., 2006; Cornwell et al., 2009)

Overall the decomposition of deadwood is influenced by complex interacti®ta/een
environmental variables and saproxylic diversitgt vary across temporal and spatialesa
Studieshaveshown that clima(macre and microclimate)tree species identity, related wood
characteristics and wooddecomposing organismsaffect deadwood decomposition
(Erdenebileg et al., 2020; Jacabsrd Wor k, 2012; Janisch et al
Seibold et al., 2016b; Shorohova and Kapitsa, 20H@\ever, despite these insights, important
knowledge gaps remairWhile macroclimate refers to regional climate patterns, forest
microclimate describes the local, smsdlale conditions within a stand, with canopy cover often
used as a proxy. Nevertheless, microclimatic conditions can vary not only at the stand scale but
also at the scale of individual objects, and the specific environmental andretgéed factors
influencing microclimate at this finer scale remain poorly understdbéoth the stand and
object scales, microclimatic conditions shape the immediat¢éi@bnvironment of deadwood,
defining the niches and thuthe colonization and activity of woedecomposing organisms.
While the influence of starsicale microclimate on woeidhabiting fungal communities

which are key deadwood decompof@oddy and Watkinson, 1995% evident (e.g.Krah et

al., 2018 further details in Chapter 1.2), its role in driving species succesamassential
process in decompositipremains poorly understood. Additionally, the sm&environmental

factors woodinhabiting fungal diversity and their intricate interdependenice regulating
deadwood decomposition has yet to be fully elucidated. To address these gaps, the following
introduction will provide a comprehensive overview of current knowledge regarding the effects
of disturbances on microclimate and deadwood characteristics, with particular focus on

deadwood temperature. It will also summarize existing research on theedblovood
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decomposing fungi and the environmental factors influencing deadwood decompdsitson.
framework aims to identify and clarify the remaining knowledge gaps and guide further

investigation.

1.1 Forest microclimaterad internaldeadwood temperatumeachanging imate

In undisturbedforest ecosystemsyhich are characterized by a thrdemensional canopy
structure, the local microclimate is moderated thropgitessesuch as evapotranspiration,
shading, and air mixingZellweger et al., 2020)Intact canopiesbuffer macroclimag
conditions leadingto more stable climatic conditions within forest staridss effectdepends

on factors such as stand structure (e.ge $gecies, age) and mortality evefithkom et al.,

2020; Zellweger et al., 2020 Ithough he buffering capacity of canopy cover is influenced by
temporal fluctuations in macroclimatic conditions adl ag local stand and site characteristics
(Rita et al., 2021; Thom et al., 202@)e buffering effect functions in both directions: during
winter, temperatures under an intact forest canopy are higher, while in suemeeydtures

are lower compared to the macroclimate. This buffering effect can range ftérafto 7°C

(De Frenne et al., 2019; Zellweger et al., 20B#¥wever,canopy losslue to disturbanceds.g.,
windthrows forest managementlirectly influences the local microclimate by reducing the
buffering capacityandleadingto more open canopi€Schmidt et al., 2017Canopy openings

are generally chartarized by increased sunlight penetration, reduced moisture contents, and
greater temperature fluctuations, with lower minimum and higher maximum temperatures
across both daily and annual cyc{B® Frenne et al., 2021; Magnago et al., 2015; Thom et al.,
2020; Zellweger et al., 2020)

Since temperature is ol the most critical predictorsf biological processeClarke, 2017)
understanishg the factors at both standnd objeciscalethat influence internal deadwood
tempeatures is essentialStudies focusing on internal deadwood temperature across years are
scarce.Recent studies have shown that internal deadwood temperatures are higher in open
canopies compared to closed canofii@#sdman et al., 2022; Romo et al., 2018dr instance,

in pine deadwood, the average maximum temperature during summer months was
approximately 56 °C higher in open canopies than within pine stafiRlsmo et al., 2019)

More broadly climate change not only directly increademperatures but also indirectly
intensifies canopydisturbanceswhich redue the microclimatic buffering capacity dhe
canopy and increazanopy opennesA. crucial first step in understanding the implications for
deadwood andconsequentlyecosyste processes is to analyze the internal deadwood

temperature undervarying canopy conditions. Furthermore, the accumulation of deadwood
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from disturbances may additionally influence the internal temperature of deadwood objects
through increased thermal apgtion, as their low albedo enhances heat reterf@drerubini

et al., 2012) For instance, snowmelt studies have shown that deadwood increases local
temperaturescapturing more radiatiopotentiallydue to the black body effectGt 2 cha et
2010) accelerating snowmelt ratéMarangon et al., 2022)Cherubini et al.(2012) also

proposed that albedo increases with the removal of organic material from forest ecosystems.
However, other studies at the stand scale have found no notable effect obaoléaxhiforest
microclimate (Kovacs et al., 2017; Thom et al.,, 202@ut it remains uncertain whether

surrounding deadwood influences the internal temperature of deadwood

At the scale of an individual deadwood objebg internal temprature may be influenced by
several factas. The diameter of the objects influences internal deadwood temperature, with the
internal average minimum temperature of loggeasingrom the surface to the center, while
temperature variability decreases with deptlR o mo e t al ., 2019; Wal cz
2017) Thus, deadwood temperature stabilizedhwitreasing diametéPouska et al., 2016)
However, the influence of diameter on deadwood teatpsx remains unclear when
considering other confounding factors, such as the position of deadwood objects. Deadwood
can occur in various positions within forest stands, such as standing snags, uplifted logs (e.qg.,
with a root plate), or lying branches dods(Swanson et al., 2011$tanding deadwood tends

to be warmer than downed wood due to greater solar exp@dutehison and Matt, 1977,
Lindman et &, 2022) In addition increased soil contaah downed deadwood cancrease
moisture contenfJaroszewicz et al., 202Ipotentialy cau® localized coolingPouska et al.,

2016) Furthermore, differences in decay stages betwterding and downed deadwood may
also affect water retention and temperature regulation of deadwood dhjecet al., 2022)

Thus, the degree of soil contact of a deadwood object may play a crucial role in shaping its
internal temperature dynamiddeyond external characteristics such as diameter antiogpesi
speciesspecific physical and chemical properties inherent to the dead{ootbardi et al.,

2013; Pietsch et al., 2014; Weedon et al., 2008y alsoinfluenceinternal temperature by
affecting heat retention and thermal conductivithis raises the question of whether tree
species with varying physiechemical characteristics exhibit different internal temperatures
under similar environmental conditienThis dissertation aims to address the knowledge gap
regarding internal deadwood temperature by analyzing the contribution of individual
environmental and objestcalefactors within the complex hierarchy of scales that influence

deadwood temperature, igh may, in turn, affect the occurrence of key decomposer species.



1.2 Effect of different microclimatic conditions on woadhabiting fungal

diversity patterns

Wood-inhabiting fungi are key decomposers of deadw@mtidy and Watkinson, 1995)hey
areorganisms with a modular sttwee, characterized by myceliura,complex network of
hyphagwhich grows in ands specifically adapted for the efficient exploitatiofthe substrate
(deadwood)Baldrian, 2017; Nagy et al., 201Wiany species produce multicellular fruiting
bodies, whiclserveas the basis for spore productiarsexual reproductiof(Nagy & al., 2017)

Before producing fruiting bodies, the mycelium must reach a critical size (e.g., biomass), and
species that successfully grow as mycelium and form fruiting bodies must endure
environmental conditions both within and above the subgiaad et al, 2021; Kiies and Liu,

2000; Luo et al., 2021For example, fungi exhibit higher enzymatic activity as temperatures
increase, but only up to a critical threshold where protein denaturation KfBguidy et al.,

2014) Similarly, the moisture content of the substrate plays a crucial role in fungadgru
body growth, with constrained moisture levelghether too low or too highnegatively
affecting growth(Boddy et al., 2014) Thus, woodnhabiting fungi areectotherms, i.e.,
organisms regulating their body temperature primarily through external thermal conditions.
Consequentlymicroclimate defines the thermal nichewdod-inhabiting fungj influencing

ther community compositiorilLennon et al., 2012; Maynard et al., 2089 theirmetabolic

rates, whichis the rate at which an organism converts chemical energy stored in food sources
into usable energy, includirepzymatic activity related to wood decompositiptagan, 2008)

Thus, changes in forest microclimateedily influence woodnhabiting fun@l diversity(Krah

et al., 2018; Lindhe et al., 2004; Mdller et al., 2020; Vogel.e 2020)

Krah et al.(2018)found in arealworld experiment that the richness of weiatiabiting fungi

was slightly higher, though not significantly, under closed canopies compared to open canopies.
Additionally, the fungal compositiodifferedsignificantly between closed and open canopies

for deadwood ofwo tree species in this stu{igrah et al., 2018)Although, fungal diversity is
influenced by environmental conditiomghich shift with both decompositioand time our
understanding of the succession of waltabiting fungl speciesboth in general and under
contrastingmicroclimate and thusanopy conditions, remains limiteRecent studies mainly
focused on the early years and stages of d@ah et al., 2018; Lindner et al., 201d)d not
explicitly analyze fungal successi@fPerreault et al., 2023focused on a subset of fungal taxa
(Norberg et al., 2019)r surveyed different decay stages across separate deadwood objects

rather than tracking succession on the same olfjdats et al., 2024; Holec et al., 2020; Holec



and Kulera, 2020; Jomur a .dHus, thd effects & peEntanentL e p i

microclimate changes in forest ecagyss on the succession of weimthabiting fungal species

on deadwood remain largely unknovBtudies that have investigated fungal succession found
species diversity peaking at intermediate decay stages based on fruit body data and at later
decay stages based on data detected via eDNA barcoding methods (hereafter metabarcoding)
(Kielak et al., 2016; Ovaskainen et al., 2Q1f)ecies accession is influenced by the species
composition of the initial colonizers, endophytic fungi in living tréearfitt et al., 201Q)and
opportunistic specie@Boddy, 2001) causing priority effectsSince woodnhabiting fungal

species undergo succession during deadwood decompofigmmay et al., 2021)and
moisture and temperature are critical factors influencing fungal gr@ueitidy and Heilmann
Clausen, 2008; Brabcova et al., 2Q2dfferences in microclimate can be expected to affect
species richness and community composition across successional B@agesample, if
species that colonize at different time points vary in their tolerance to warmer temperatures,
this could leadd a decline in species that are lessfelarant due to physiological constraints.

Thus, differences in the successional pastefrwoodinhabiting fungal speciesliversitymay
potentially impacecosystem processes such as decompogBanné et al., 2020; Maynard et

al., 2019) Analyzing the effect of closed and open canopies on frugpegies richness and
community compositiorhelps clarify how disturbancebat createopen canopiesfluence

fungal species successioffhis, in turn, can indicate how disturbances affect sulesdq

changes in decomposition processes.

1.3 Complex relationshigetween fungal diversity anenvironmental factors

influencingdeadwoodlecomposition rates

In general,deadwood decompositianvolvesa complexinteraction betwe® environmental
conditions and woothhabiting fungal diversity. Oastandscale microclimatic conditionsire

the main factor definingeadwod decomposition rateBeadwood decomposes faster under
open canopies thamderclosed canopie@lanisch et al., 2005; Shorohova arapKsa, 2014)
likely due to mechanisms such as photodegraddqtBeorge et al.,, 2005; Li et al., 2016)
physical stress (e.g., cracks), leaching, and weath@firayolini et al., 2018; Harmon et al.,
1986; Russell et al., 2015; Zhou et al., 20@Tirthermoregdisturbance legacies such as higher
amountsof surrounding deadwood may directly influence decomposition ratgstentially
modifying microclimatic conditiongsee Chaptet.1). The speciegnergy theory mafurther
explainthepotential effects of deadwood amount inskerounding®n decorposition through

species diversity. It suggests that an increase in available chemical energy and habitat area
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(deadwoodsolumeg leads to higher individual numbers and higher species divé8atyler

et al., 2015; Srivastava and Lawton, 1998; Wright, 198&%)ditionally, the deadwood
heterogeneityn thesurroundingssuch as variations in the composition of different tree species
and deadwood sizes (such as fine woody debris (FWD) and coarsg o (CWD)), may

also indirectly influence decomposition processes. According to the habitat heterogeneity
hypothesis, a greater variety of habitats can promote higher species di{Mesifrthur and
MacArthur, 1961)Thus, deadwod heterogeneity may positively influence the abundance and
diversity of saproxylic specieSeibold et al., 2016b)Therefore,an increagd amount of
surrounding deadwooandgreaterstructural diversity may influence decomposition rates by

promoting decomposer diversity.

At the object scaledeadwood decompositiois influenced by tree species identityith
angiosperm woodendingto decompose more rapidly than gymnosperm wateirmann et

al., 2015; Kipping et al., 2022; Weedon et al., 200@)marily due to speciespecific
differences in chemical and morphological trgisahl et al., 2017) Traits such as higher
nitrogen and phosphorus content, which are more common in angiospermsgceenhan
decomposition, whereas higher concentrations of lignin and phenols, typical of gymnosperms,
tend tainhibit it (Kahl et al., 2017; Weedon et al., 200Bhese differenceme matpronounced

during the early stages of decomposition and tend to diminish ove(@bezle et al., 2020)
However, the relative importance of tree species compared toasthieonmental factors on

deadwood density loss remains unclear.

The actual breakdown of wood components is largely mediated by the activity of wood
inhabiting fungi Wood-inhabiting fungi often exhibit strong host specificity, with certain
species restried to either gymnosperms or angiosperms, and generalist species occurring on
both(Muller et al., 2020; Purahong et al., 2018pweverwood-inhabiting fungi are the most
efficient decomposersitemperate and boreal foreg&mezBrandon et al., 2020; Perreault

et al., 2023) utilizing a wide array of extracellular emmgs (e.g.ligninolytic enzymes,
Arnstadt et al(2016) andusing other norenzymaticstrategies (e.g., hydroxyl radical®)
degradeall wood component$Goodell et al., 2017However, the relationship between the
diversityof wood-decaying fungi and decomposition is not straightforw8aime studies have
found positive effectbetweenthe number of fungal species and decomposjtsuggesting
facilitative interactions such as niche complementary. (Kahl et al.(2015) Lustenhouwer et

al. (2020), while others have reported negative effects, indicating antagonistic interactions such
ascompetition Fukami et al(2010) Leonhardt et a2019) Perreault et a(2023) Fukasawa

and Matsukurg2021). Recent researgduggestshatcommunity composition might benaore
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reliable predictor tharspecies richnes@loppe et al., 2016; Pietsch et al., 2019; Yang et al.,
2024) Additionally, the preralenceof dominant specieprovides a betteexplanation for
deadwood demmpositionthandiversity measures that treat all species eqKilyping et al.,

2024) Consequently, incorporaginadvanced diversity metrics that account for species
abundance, such as Hill numbers, could provide deeper insights into the relationship between
fungal diversity and decomposition proces@ébao et al., 2016 However,the relationship
between fungal diversity and decomposition rates is complek a recent study emphasized

that inconsistencies in the fungdécomposition relationship among reabrid studies might

be caused by an ignorance of environmental factors that affect deadwood decomposition
directly and indirectly via diversityRunnel et al., 2024)Therefore, studies simultaneously
assessing the direct effects of environmental factors and the indirect effects mediated-by wood

inhabiting fungal diversity on deadwood decompositare still lacking.



2 OBJECTIVES

Theoverarchingbjective of this dissertation is to gain ardiepth understanding of the effects

of changing environmental conditions on deadwood processes and their interaction with
associatedvoodinhabiting fungal diversity. Central to this work is the role of forest stand
scale microclimate variatigrparticulaty contrastingclosed ersusopen canopy oger, as a

driver of biotic and abiotic processes within deadwdbdims to provide knowledge needed

to support te development of recommendations for deadwood management in forests in the
context of climate change, aiming to preserve key ecosystem sersiggs ascarbon
sequestration duringleadwood decompositiprrelated abiotic and biotic processesnd
saproxylc species diversityTo achieve this, an experimental approach was employed using
data from a largscale realvorld experiment in the Bavarian Forest National Park. The

research specifically concentrates on the following three objects:

In a first step | investigated how starscaleenvironmentalariables(canopy cover, amount

of deadwood in the immediate surroundings) and olseale characteristics (tree species
identity, object position, and object diameterjuenceinternaltemperature withinleadwood
logs (Figure 1, Objective ). This analysis aimdo disentangle the contributions of these
hierarchical factorsn the daily mean, minimum, and maximum terap@es of deadwood at
both monthly and seasonal scalElse results may provide a foundation for future research on
how climate changenduced changes at the stam objectscale affect internal deadwood
temperature, potentially leading to shifts in deadddwelling species and ecological

processes.

In the second partexaminehow different microclimates (closed vs. open canopy cover) affect

the succession of fungal species on standardized deadwood objects (CWD and FWD) beyond
the initial years and sges of decayRigurel, Objective 2. For this purpose, | calculated the
treatmentbasedalpha and beta diversjtytilizing the Hill framework, which allows the
incorporation of species incidence and abundances in a unique approach, and thus emphasizes
the diversity of rare, common and dominant spe(fi@sher explanations see Chap8®2.2.
Thiscomplements the first part of this dissertation by linking forestdshicroclimate to long

term patterns in woothhabiting fungal diversity andgrovides a more comprehensive
understanding of how fungal specpgarform undedifferent microclimatic conditionduring

succession.

Finally, the environmental stargtale variables fron®bjective 1 (canopy cover, amount of

deadwood in the immediate surroundings) were augmented by the heterogeneity of deadwood
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in the immediate surraulings and fungal alpha and beligersity (based on fruit body and
metabarcoding data), to teste direct (environment and decomposer diversity) and indirect
effects (environment via decomposer diversity) simultaneoaslythe decomposition of
deadwoodogs | used deadwood density lossagsroxy for deadwood decompositidBimilar

to Objective 2, ando increase inferences, | applied the Hill framework to test diversity effects
while accounting for species abundarfiEggure 1, Objective 3. The results offer a deeper
understanding of deadwood decomposition rates by unraveling the complex interactions

between standcalefactorsandwood-inhabiting fungal diversityhat influencedecomposition
The following research questiomaseguidingthis dissertation:

) How do stand and objectscale factors affect internal temperature dynamics in
deadwood, and do their contributions differ between monthly and seasonal scales?

) How do contrasting microclimatic conditionsffect woodinhabiting fungi's
successional trajectory and diversity pattemsieadwood

1)) How do stanescale environmentalactors and woodinhabiting fungal diversity
directly and environmentdhctorsindirectly affectdeadwood desity lossvia fungal
diversity?
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Figure 1: Concept figure of the three objectives of this dissertafibe.first study addresséwe effect of differerdtandscale
(canopy cover, deadwood amoimthe surroundin@jand objectscale (tree species, object position, object diametaiables
on within-deadwood temperatures (mean, minimanmd maximumjo achieveObjective 1 Thesecondstudy addressethe

succession of woedecaying fungal fruit body diversity on deadwood logs and branichestwo tree species under both
closed and open canoppnditionsover 10 consecutive yeargaiming to achiev®bjective2. The third study addresses the

direct effects othe environment anflingal diversityand indirect effects (environment via weiotiabitingfungal diversity)
on deadwoodlecompositionysng density los@sa proxy)after 10 years of deadwood succession to achjective 3
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3 MATERIAL SAND METHODS

The threeresearch questionsf this dissertation could bmvestigated using reatworld
deadwood experiment in the Bavarian Forest National Park, in southeastern Germany, which
wasestablishedh 2011. Within this experiment, | can simultaneously investigate the effects of
possible future environmental conditions in forest stama deadwood processes and wood
inhabiting fungal diversity.Due to the manipulation of environmental conditions, the
experimental approach gives more reliable results on the interaction between environmental
conditions, deadwood processesd woodinhaliting fungal diversity compared to field
surveysThe followingsectiongives a brief overview of thBavarian Forest National Park and

theexperimental setup

3.1 Studyarea
3.1.1 Bavarian ForediationalPark

TheBavarian Foress a mountain rangéocated in satheastern Germany (48°54'N, 13°29'E)
which becamepartly anational park in 1970 with a current size of ca.,@d0 hectaresat
elevations from 650 to 1450 ans.| (Bassler 2004)Climate conditions vary with altitude, with
mean annual temperature (MATanging from 3.5C to 7.0°C (19722001), and the mean
annual precipitation (MAP), ranging from 1,300 to 1,900 mm per (@@ssler, 2004)The
growing seasoln the Bavarian Forestith the highestspecies activity, including deadwood
dependent species ofdies and fungspangoughly between May and Octol@&assler et al.,

2015; Krah et al., 2018; Lettenmaier et al., 2022; Seibold et al., 20d@tdvations lower than

1,100 m mixed montae forests dominated by Neay pruce Picea abiegL.) H. Kars),
European beechFagus sylvatical.), and Silver fir (Abies albaMill.) occur In higher
elevations (> 1,100 m)he high mountain forests are dominated by spruce&nwer amount

of beech and Mountain AstS¢rbusaucuparial.) (Bassler et al., 2010)The amount of
deadwood in the core zone of the national park increased to more than 700 m3/ha due to
disturbance events such as windthrows and bark beetle infestations, combined with a

prohibition on salvage logging in the core z§Béssler et al., 2010; Muller el ,a2008)

3.1.2Largescale deadwoodkperiment

In 2011, a largescale deadwood experiment wasnductedn the management zone of the
Bavarian Forest National Parkhedescription of thexperimenis based orthe description of
Krah et al(2018)andSeibold et al(2016b) The experimenwas established at80 plotswith

a size of 0.1 harranged in a random block design in five differsités plockg across the
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management zondDeadwood was harvested using chainsaws from stands smititar
conditions(e.g., elevation, agéree species compositiprOverall, ca. 7,400 deadwood objects
of four different types were deposited: lo@SWD, diameter:20-50 cm, length: 5 mand
brancles FWD, diameter: & cm, length: 23 m) of beech and fir. Each plabntainseither
FWD or CWD, or a combination of both, and either beech or fir, or(S=tbold et al., 2016b)
establishing three levels of deadwood heajereity: low, medium, and higiThe lowest
heterogeneity included one of four substrate typesWD, fir CWD, beechFWD, or beech
CWD). Intermediate heterogeneity included one tree species with both diameter classes (fir
CWD and fir FWD or beechCWD and beechFWD) or both tree species with one diameter
class (fir and beecBWD or fir and beeclrWD). The highest heterogeneity included both tree
species and both diameter classes. ddleulateddeadwood heterogeneity indexbased on
Siitonen et al(2000)and applied in several studies (e$ejbold et al., 201bHalf of the

plots had a low volume of deadwod@8 brancheof ca.0.2 m3ha or 4 logs amounting to
approximately 10 m3ha), while the other half had a high volume of deadwood (80 brahches
ca. 2 m3ha or 40 log®f ca. 100 m3ha).In eachsite each combination of deadwood
heterogeneity andmountwas created twice. Half of the plots (19) were established under
closed canopies, while the other half were placed under open caraspes10py cover serves
as a proxy for microclimat@/odka et al., 2009)The open canopies resdtfrom clearings
where all living and dead trees were remqQwedl annual mowing maintained the openness of
the plots Previous studies showed significant temperature differences on dehdwdaces
between open and closed canopies within the same expe(knahtet al., 2022; Mdller et al.,
2020) In August 2018, they measurtee surface tenperatures of 136 logs using an infrared
thermal sensor, finding notable differences in LIDAR penetration rate and temperature between
the canopyypes indicating varying radiation availability near the groktliller and Vierling,
2014)

3.2 Data ampling prepaation, andstatisticalanaly®s

To achieve the objectives of the thesis, various data weraunedasnd/or sampled within the
largescale deadwoodexperiment. The following provides an overview of teampling
methods and the statistical ana&ysAll data preparation andtatistical analygs were
conductedusing R4.3.0 (R Core Team, 2023For a more detailed description, pleaster to
the method sections in the manuscr{Manuscriptsl0.], 10.2 10.4).
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3.2.1 Objectivel: How do standand objeciscalefactorsaffect internal temperature dynamics

in deadwood, and do their contributions differ between monthly and seasonal scales?

3.2.1.1 Study design andatla sampling

In twelve plots of thdargescaledeadwood eperiment, located in four of the fivates the
internaldeadwoodemperaturavas measured in a total of 50 logs. Half of the plots were in
closed canopies, and the other half were in open canopies. The selected plots contained either
low amounts of surrounding deadwood (25.20 m3/ha on average) or high ar(ioithtis?

m3/ha on averageJhree to five beech and/or fir deadwood objelctgy (CWD),diameter: 9-

47 cm, mean: 32 cm, length: 5 m) in various positions were randomly sebactedh ploto

balance the number of obje@srosshe plots Thesdogswere either lying on thgroundor

uplifted, stacked over othdogs with less than 506 soil contact. In total, the experiment
included 2d6ogsin open canopies and Rgsin closed canopies, comprising 25 beech and 25

fir logs Of these, 23 were elevatadd 27 had complete soil contact

Temperature measuremenisside the wood suburface layer of the 50 deadwoodjects
were conducteth a 15minuteinterval by colleagues (see Chap®&rfrom May 19", 2016, to
October31%, 2019 using Pt100 resistance thermometers connected to data logdeisQG -

T6, Fiedler AMSL es k® Bud0NDj ovi §.&achl&@hadoie thRrengmetbriplaced
in the crosssection (inuplifted logs, the uplifted crossection was used), positioned 5 cm
below the surface and 10 cm deep inside theltogplifted logs, thermometers were inserted
into the upper endsind &each measuring poirihelog diameter vasmeasured. This approach
allowed for comparison with other studies, atmmperature measurements at this depth have
been shown to significantly correlate with saproxylic divertguska et al., 2016; Pouska et
al., 2017)

3.2.1.2 Data preparation

First, | harmonized eémperature datdor the three years and cleanédfrom potentially

unrealistic values, whicth compared with temperature data from a nearby meteorological
station (Waldhauser)Second | calculated the daily mean, minimynand maximum
temperaturefrom the cleaned IBninute valuesFurthermorebased on these datadentified
thermometers which were most likely covered with snow during wintertime based on
temperature thresholds, with daily maximum and daily minimtemperaturesemaining
constant or noéxceethgc er t ain t hresholds, which were ad
in R(Man et al., 2023) removed detected snow days when the Waldh&user and Grol3er Rachel

meteorological stations also recorded snow on the respective Ida#dl. years, January
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consistently had a gh number of snow days, therefof@mitted January from the analysis.
Due to this procedure arldetemporary failure of some data loggers, | could use the data from
JuneDecember in 2016, FebruaNovember in 2017, Februayecember in 2018and
March-October in 2019.

3.2.1.3 Statistical analysis

| applied multivariate inear mixedeffect modelsinef uncti on wi thin the R
(Pinheiro and Bates, 20Q0)o testsimultaneouslythe influence of standcale variables

(canopy coversurroundingdeadwood amount) and object variables (diameter, position, tree
species) orthe mean, minimum and maximum temperature inside deadwaedd on daily

data both on monthly and season lev8easons were definagl biologically, basd on
biodiversity survey data, as the period with the most species activityQdepper see Section

3.1.7), and winter time (NovembeXpril), and ii) meteorologically: spring (MarecMay),

summer (Junéugust), autumn (SeptembBiovember), and winter (DembefrFebruary)
(Deutscher Wegrdienst, 2024)to enable comparison with similar studibsaddition to the
explanatory variables (canopy cover, surrounding deadwood amount, object diameter, object
position, tree specied)ncludedthe mean annual temperature of the respegtags (2016

2019)from the nearby meteorological station Waldhawases covariateCanopy cover (open

vs. closed), surrounding deadwood amount (high vs. low), position (lying vs. uplifted), and tree
species (beech vs. fir) were initially included as faatopredictors. Since the deadwood

amount (m3/ha) was measured for each plot and showed high variability within the high and

low categories, | treated the deadwood amount as a continuous variable. However, it is
important to note that the results of threalysis remained robust when the deadwood amount

was treated as factorial predictor As a result, the final continuous predictors used in the
models were deadwood amount and log diameter, wkiehe standardized using- z
transformations. All response valies followed a normal distribution, and collinearity among

the predictors was low (r < |0.04))includedé pl ot wi t hi n sitbacéounhs a r
for the nested study desigAdditionally, firstorder autocorrelation was addressed using the
corAR1functionwithin the R package 'nlme' to account for potential temporal autocorrelation

in consecutive temperature measurements within the linear raffeects modelsl used the
DurbinrWatson statisticsQurbinWatsonTestvi t hi n t he R pdéSghkoeljet o6 De s
al., 2021) to validate how the autocorrelation term within the modetiiceshe temporal
autocorrelationFor interpreing the results, useddescriptive plots based on the raw values

(see supplementary materialsManuscriptsl0.1) and the full model output.reported the-t

values (calculated as the predictor estimate divided by its standard deviation, representing a
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type of signaito-noise ratio) ¢ allow for a direct comparison of the effeetmong predictors

while accounting for data variability. Additionally, | derived the marginal R?, representing the
variance explained by the fixed effects, usingrtequaredGLMM uncti on from t he
R packagdBarton, 2024)

The DurbirWatson statististill indicatedaweak temporal autocorrelatigbraper and Smith,

1998; Durbin and Watson, 1950 response, used additional models with monthly
aggregated mean temperature values as the response variable, following the "5/3 rule" for data
completeness suggested by the World Meteorological Organiz@imherson and Gough,
2018) This rule ensukno more than five missing daily values or three consecutive missing
daily values within a montf\World Meteorological Organizatim 2017) | calculated ronthly
averages of daily mean, minimum, and maximum temperatfieeschiog, and monthly linear

mixed effect models were applied using limer function in the R package 'Img#Bates et al.,

2015) with annual temperature in the offset argument to accoutthdé@nnual difference in

mean, minimum and maximum temperature and plot nested within sa@aasiom effect

These models confirmetthe robustness of the daily models' inferenwéh weak temporal
autocorrelation However, | report the results from both modeling approacteseduce
potential bias in interpreting the model withilgaesolution While my monthly data span
multiple yeas, | dd not have complete data for every month in each year. Although I included
the mean annual temperature for the respective years in the overall models, this variation in
data availability could still introduce biagddressing thisl also modeledach month of each

year separately, based on the available, ddtech confirmed the results ahe overall models.
Consequently| repored the models for each month and season based on all available data

acrosgheyears.

3.2.2 Objective It How do contrastingnicroclimatic conditions affeatoodinhabiting fungd s

successional trajectory and diversity patterns on deadwood?

3.2.2.1 Study design and data sampling

For this study] usedfruit body datafrom 36 plots of the largscale deadwoodexperiment,
replicated in Sites plockg across the study area. Half of the plots were under closed canopies
(18) and the other half under open canogie®). Within the 18 plots, various combinations of
deadwoodtree species and typg€WD and FWD)were used to capture deadwood
heterogeneity Across all plots and canopy treatmentgotal of 240 logs(5 blocks* 2 tree

species 24 logs)and 480 branchg® blocks * 2 tree species * 48 branchegye placed on
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the forest floor Seven deadwood objects were excluded from analysis dhe koss of the

objects (branches) twecauseheir labels could not be found (stolenbookenoff).

3.2.2.2 Fruit body inventories

Fungal fruit body inventories were conducted every autumn (Septembmyédcthe main
season of fruit body developmehtalme and Kotiaho, 20)Pby observing visible fruit bodies

on deawvood. | usedfruit body data from all years of the experiment (2@D21) and both
deadwood types (logs and braes).Logs were divided into seven segments for effective and
nontredundant sampling, 5 segments on the log surface and two segments at the cut edges.
During sampling, branches were treated as a single segment, whereas logs were divided into
seven segments prevent redundant sampling. Fruit bodies were identified in the field or the
laboratory by mycological professionals, with voucher specimens deposited in the herbarium
of the Bavarian Forest National Park. Nomenclature followed MycoBardus et al., 2004)
Additionally, decomposition stages for each segment were estimated in four categories
following Albrecht (1990), and the average decay stage per log was calculated.QAfears,

logs and branches were found in various stages of decay, with some beginning to disintegrate.

3.2.2.3 Data preparation

First, | calculatedfungalalpha and beta diversity using incideficequency, which is defined

by the number of dead wood objects qaed by a species. This measure was computed for
each canopy treatment and combinations of tree species and deadwood size, bosiitegross
and for eactsite separately. Despite some limitations in data for individutas consistent
patterns emergecgadingmeto present results across silies

In this study| used the Hill numbers approach, whishwidely used in community ecology
research(Ellison, 2010; Hill, 1973) Hi | | numbers calcul ate dive
equally abundant speci esb6, all owing to wvar:
exponent g, on a uméd scale, increasing interpretabili@hao et al., 2014bBpecifically, |

used the Hill number of order g=0, which corresponds to species presence/absence and
emphasies rare species with low frequencies, reflecting species richness. The Hill number of
order g=1 corresponds to exponential Shannon diversity, representing the effective number of
common species, while the Hill number of order q=2 correspondsacseSimpson diversity,
representing the effective number of dominant spekcestimated the alpha diversity of fungal

fruiting communities using th&NEXT function in the R package 'INEX{Hsieh et al., 2016)

which provides diversity estimates based on rarefaction and extrapolation using incidence

frequency.
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The Hill number framework can also be applied to analyze community composition and beta
diversity (Chao et al., 2014a)rhus br beta diversity) analyzed community dissimiligies

using species similarity indices between open and closed canopies for each tree species and
year with theSimilarityPair function within the R package 'Spadef€hao et al., 2016)The
calculatedChacSgrensen index (g=0) assigns equal weight to all species, emphasizing rare
ones. The abundand@msed Horn index (q=1) assigns more weight to common species based
on theirabundance. Lastly, the abundafh@sed MorisiteHorn index (q=2) is sensitive to
dominant species and minimizes the influence of rare species (Chiu and Chao,12014).
calculated similarities using thes indices anthen converted these to dissimilanglues (-
estimated similarity valuesanging from 0 for equal communities to 1 for completely different
communities). Each estimate included &®%onfidence interval based on 100 bootstraps.

3.2.2.4 Statistical analysis

First, 1 conductedyeneralized additivenodels (GAMS) using the functiagamwithin the R
package 'mgcv(Wood, 2015) to test how alpha diversity responded to closed and open
canopies over tie This approach captures potential {ioear responseswvhich may be
expecteddue to species accumulatidrdid not include interactions between canopy and tree
species, treating tree species as study replicatdso fitted Inear models (LMs)usingthe
functionlm within the R package 'statet comparison.

First,| modeled alpha diversity as the response variable, with canopy openness and time (years)
as predictor variables, using fewer knots (kt###nthe defaultin GAMs due to convergence
issues. A second GAM included an interaction term between time and canopy treatment to
detect divergent patterns over tirB®thmodekwererepeated for each tree species, wood size,
and Hill number (qg). A significant interaction indicated differing slopesveen closed and

open canopies over timé.also interpreted noeaverlapping 9% confidence intervals to
identify trends of differences between canopy treatments each year, while interpreting trends
cautiously due to potential nesignificance Linear modés were used to test interaction terms
more robustly.l fitted models with canopy treatment as a factor and time as a continuous
predictor, adding the interaction term in a second model. Both GAM and LM analyses showed
no signs of temporal autocorrelatidnfocused on the -palues for the interaction term to

determine the marginal effect of the canaye interaction.

Second, a test if dissimilarity between treatments changed over timesed GAMs with
dissimilarity as the response variable and time as the predictor variable, adding the Hill series

g as a grouping factor. This analysis was repeated for each tree specieaaoddtype(logs
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and branches) interpreted theoverall disamilarity rangeof the slope as the dissimilarity
between open and closed canopie#h values < 0.5 indicating low dissimilarity. also
calculated a linear model and a posttest using the functiohukeyHSDwithin the R package

0 st @ tcampare pawise dissimilarity means for rare, common, and dominant species,
applying Bonferroni correctionsvhere necessarpn the interpretation of -palues, by
considering signitant only thosavith p-values< 0.016 due tonultiple testingalong the Hill
series wih three levelgi.e., 0.05/3.

3.2.30bjectivelll: How do stanescale environmentdiactors and woodinhabiting fungal
diversity direcly and environmentéhactorsindirecly affect deadwood density los&
fungal diversity

3.2.3.1 Study design and data sampling

For this study, thirtysix plots of the largescale deadwood experiment in the Bavarian Forest
National Park were selectaufour sitesacross the study area (ca. 48 km2, minimum distance
between sites: 2.4 km), withalf under closed and half under opemagaies. Each plot had

either one beech or fir log, with six plots containing both. A gradient of surrounding deadwood
heterogeneity was created using combinations of tree species (beech and fir) and substrate types
(CWD and FWD) (see Sectidl.?. The plots contained an overall high amourfe\éfD and

CWD (on average: 165.87 m3) with considerable ranges from 103.37 m?3 to 231.35 m3. Although
the amounbf deadwood was not fully standardized acmogsstudy plots, it was included as a
predictor. Deadwood amount was evenly distributed across the plots and showed no correlation

with other predictors.

3.2.3.2 Logdisc samplingand wood density measuring

On each plg | randomly selected one deadwood log, either beech or fir. On six plots, | selected
two logs (one beech and one fir), resulting in a total of 42 logs across all plots. Insetediéd

21 logs in open canopies (11 beech, 10 fir) and 21 logs indcteseopies (10 beech, 11 fir).

For each of the 42 logs, the first 10 cm of thmé&ter length was cut off on one side using a
chainsaw, followed by cutting a log disk approximately 5 cm thick. In the laboratory, the log
disks were dried in a drying oven @wmert U40) at 65C until constant weight. For volume

and density measurements, each log disk was divided into four sectors, and cylindrical samples
were extracted from each sector using a 40 mm diameter hole saw drill. The number of samples
per sector deended on the decay heterogeneity and disk diameter to ensure representative

sampling of decay characteristics. Typically, two subsamples were taken per sector, resulting
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in eight samples per disk. An increase in the number of subsamples did not sitiyiétfant

the density loss estimates.

Each subsample was first weighed to determine its dry weight. Then, wrapgesandardized

amount (& m] ) of Parafil mE, Il'ts volume was meas
met hodo. [ )was cdlaled by diyiding the dry weighti() by the volumed) ("

= & w). The average density of the ssdmples was calculated for each log disk, and the

percentage of density loss was determined using the following formula:

M
QQe i d@EOip MM ———2 s
“p 0 ME i Q%T(&)

Wherm@ sO0 t he average dengegdietnysiofy 6t hreefleag adios K si

the dry density of freshly cut logs (0.68 g/ml for beech and 0.41 g/ml for fir, as reported by

Lohmann(1987) Finally, the density loss was calculated for each log disk.

3.2.3.3 Fruit body inventories and fungal DNsamplingfor metabarcoding

Fungal fruit body inventories were conducted as described in S&#dhl However, in this
study, | used fruit body dafeom the experimentrbm the years 2012, 2013, 2015, 2048
2021 and only datiilom deadwood logs.

Deadwoodintendedfor nextgeneration sequencing analysis of the fungal community was
sampled using cordless drill in the same years as the fruit body inverfigii2, 20132015,

2018, and 2021 After removing the bark at the drilling points, a sterilized auger was used to
collect wood dust from four segments along the entire length of the same log. The dust was
then combined into a single composite sample and storedernila plastic bagSamples were
frozen and homogenized into fine powder in the laboratory using liquid nitrogen and a swinging
mill (Retsch, Haan, Germany). Total fungal genomic DNA was extracted using the NucleoSpin
Soil Kit (MachereyNagel, Germany) (gdetailsBaldrian et al., 2016; Brabcova et al., 222
PCR amplification of the fungal ITS2 regiaras performed for microbial community analysis
using barcoded gITS7 and ITS4 primdisrmark et al., 2012) Amplicon libraries were
prepared with the TruSeq DNA P@Ree Kit (lllumina) and sequenced on the lllumina MiSeq

(2 x 250base reads) (see detaBsabcova et al., 2032

Amplicon sequencing data were processed using SEEDQRY.Dt r ov s k 1. Paired al . ,
end reads were mergéflronesty, 2013)the ITS2 regiorwasextracted Bengt sson Pal r
al., 2013) and Chimeric sequencesgredetected and deletd&dgar, 201Q)Sequences were

clustered using UPARSE implemented within UsedExdgar, 2013at a 9726 similarity leve)
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and the most abundant sequences were identified using BLASTn against UKNTES8n et

al., 2019) If the best hit exhibited less than 9% sequence similarity and less than%85
coverage, only the best gerdesel mdach was assignedspeciedevel analyses combined
operational taxonomic units (OTUS) into the genus of the best hit. Fungal genera were classified
into ecological categories (e.g., white rot, brown rot, saprotroph, plant pathogen,
ectomycorrhiza) based dPdlme et al(2020) Fungal OTUs not assigned to a genus with
known ecophysiology remained unclassified. The term "species" is used for both identified
spedes from fruit body inventory and fungal OTUs, acknowleddingt OTUs are putative

species.

3.2.3.4 Data preparation

My analyses were based on community matrices derived from fruit body sampling and
metabarcoding data for each year. | calculated the abundaribe &iiit body community
matrices as the sum of log segments occupied by each species. For the metabarcoding data, |
determined abundance based on the number of reads, including only saogslesg given

year) with a totafead sungreater than 1,00&ads| chose to analyze the datearlybecause

fungal communities are known to change throughout succe@siankland, 1998; Fukami et

al., 2010; Lepinay et al., 2Q). As a result, the effects of fungal diversity on density loss may
vary significantly between years. For instance, these effects could change systematically across
successional stages, or particular communities at specific stages might betaréigqahining

overall density loss. Analyzing aggregated data across years could obscure these biological
effects, as contrasting effects among years might cancel each other out. To enhance the
interpretability of the data, | conducted matzalyses acroske yearly models. Additionally,

as an alternative approach, | aggregated species abundances and analyzed the overall

communities.

In this study | also used the Hill number approach (&#epter3.2.2.3 to estimate species
diversity based on a standardizasnple coverage for each log and year, utilizinggtenateD
functionwithint he R p ac k @geh etali, 20E6KuEall species richness=@), the
exponentialShannon diversity index (g=1), and theerseSimpson diversity index (g=2J.0
assess beta diversitycalculated coveragbased dissimilarities along the Hill series for all
community matrices using thBIEXTbeta3Dfunctionwithint he R package ' i1 NE.:
(Chao et al., 2023)The Hill numbers used for these calculati@ne based on the diversity
indices described in ChapterR.2.3
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3.2.3.5 Statistical analysis

| first analyzed all environmental variables to evaluate the relative inmeertsf canopy cover,
surroundingdeadwood heterogeneitgirroundingdeadwood amount, tree species, and fungal
alpha and beta diversity on deadwood density loss. Tree species (beech vs. fir) and canopy
cover (open vs. closed) were treated as factors, whaelwood amount and heterogenéity

the surroundingsvere standardized {zansformed) continuous predictors. Since prior studies
suggest that tree species strongly influence fungal alpha and beta di{gabity et al., 2016;

Krah et al., 2018; Rker et al., 2022)l analyzed beech and fir data separately to avoid
confounding effects. Fir logs with fungal diversity measured via fruit body sampling in 2012

(n=5) were excluded due to insufficient sample size for reliable results.

| conductedstructural equation models (SEMs$ingthe sem functionwithin the R package

0 | a v(Roaseeb, 2012p analyze alpha and beta diversity separately. SEMs assess#teboth
direct effects of environmentahdtors and fungal diversity on deadwood density loss, as well
as indirect environmental effects mediated by fungal diversity. Deadwood density loss (a
proportional variable with values between 0 arid was arcsifiransformed for normal
distribution and spcies alpha diversity (used as both a response and predictor) was log
transformed. For beta diversityperformedPrincipal Coordinates Analyses (PCoiy each
species dissimilarity matrinf eachHill number, using thecmdscale function within the R

pa c k a g e | usesl hespeades cores of thiest two PCoA axes, representing community
composition, as predictors without further transformatioapplied SEMs to each annual
combination of sampling method and diversity index (90, q1, g2). Thebsesmaovered both
alpha diversity (estimated species diversity) and beta diversity (community composition). To

account for the nested design, | incorpordltegkite as a predictor in all models.

| synthesized the results across years by performing-anatgses on the outputs of the annual

alpha and beta SEMs. Using timetagerfunctionwithint he R p a c (Sehgaezerétme t a o
al., 2015) | combined the estimates andrafard errors from the annual models to calculate
overall effect sizes for the direct and indirect effects on deadwood density loss for each

sampling method and diversity index

| assessed the robustness of the SEM models by applying additional singls. rtipdeor
deadwood density loss,cbnductedbeta regression models (belistributed data0,1) using
the gam function within t h e R package O mith ctlied argumem e c i f y
family = betar(link = 'logit"). The same predictors as in the SEMs were includedthgitite

as a random effect to account for the nested study design. Although some plots contained both
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beech and fir logs (six plots), including plot nested withi@site as aandom effect led to
singular fits due to the small sample size. Since model performance was simelaorted

results usinghe site as the random effect. (ii) | alsonductedinear mixedeffects models
usingthelmerfunctionwithint h e R p a&a K akpeneisovarmet al., 201 Hlere, fungal
diversity was the response variable, environmental variables were predictors, and site was
included as a random effect. To normalize the datagil-transformed estimated species
diversity (alpha diversity) and used raw scores from the first two PCoA@xeasta diversity,

as they were normally distribute@hesemodels were applied separately for each annual

combination of sampling method andetsity index (g0, g1, g2).

As a final step, | aggregated communities across years by summing species abundances. For
metabarcoding data, | used incidence data, wditd abundance was based on the number of
years it appeared in the dataset since readtsalo not reflect true species abundances. Before
aggregation, | rarefied the yearly community matrices (minimum read sums: 887 for beech,
1129 for fir) to minimize biases from varying sequencing depths that could impact OTU

detection and subsequent inemte and abundance estimates.
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4 SYNOPSIS OF THE MAIN RESULTS AND DISCUSSION

4.1 Objective |: How do stand and objeciscale factors affect internal
temperature dynamics in deadwood, and do their contributions differ between

monthly and seasonal scales?

In geneal, therecordedhighest mean dailinternal deadwood temperature wak42°C in
August 2017, while the lowesvas-10.12°C in February 2018During these months, the
extreme temperatures included a minimum1af.31°C (February 2018) and a maximum of
49.65°C (August 2017). The analyses @fivironmental factors (canopy cover, surrounding
deadwood amount) and objextale factors (tree species identity, diameter, position)
influendng the internal deadwood mean, fimmum, and maximum temperatunes/ealel that
canopy cover had the strongestralleffect on deadwood temperature$ietherexaminedat

monthly or seasonétvels.

At the monthly level, deadwood logs in open canopies were characterized by higher daily mean
temperatures (Jupkugust, on averag+2°C) and maximum temperatures (M8gptember,

on average +6.3%C), as well as lower daily minimum temperatures (Febrdioyember, on
average2.08°C) compared to those in closed canogiegure2). However, the models based

on monthly aggregated dat@used asa sensitivity analysis to account for temporal
autocorrelation observed in the models based on daily resolution, see Seztlod did not
support these effects for minimum temperatures in February, March, anTislalyg 1). In
October and Deesber, daily mean andn Decemberdaily maximum temperatures were

significantly lower in opn compared to closed canopies.
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Figure 2: Boxplots of daily a) mean, b) minimpamd c) maximum temperatures inside deaddlogsunderopen and closed

canopies in each month of 2017 and 2018 (most complete data). Note that in December, only values from 2018 are presented
due to missing data in 2017. January is not shown due to unreliable data caubedhigjyn numberof days with snow cover

(see Sectio.2.]). Adapted from Schreiber et al. (2G95Manuscriptsl0.1).
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In addition to canopy coverthe surrounding deadwood amount influenced daily mean
temperaturesegatively in June and July. Tree species identity also affected deadwood
temperature, with fir deadwood showing lower daily méamperatures (Jupugust, on
average-0.96°C) and lower daily maximum temperatures in August compared to beech
deadwoodFigure2). However, the effects afeadwood amount and tree species identity were

not supported by models based on monthly aggregateTcdike1).

The seasonal models, which divided the years into a growing seasorO@tayer) and a
winter season (Novembépril), also highlighted canopy cover as the most important factor
influencing deadwood temperature. Daily mean and maximum temperatures were significantly
higher in open canopiegr1.12°C) during the growing seaspmand for daily maximum
temperaturg alsoduring the winter seasdr1.87°C) (Figure2). However, he effect on daily
maximum temperature was strongkiring the growing seaso(5.05°C). Daily minimum
temperatures were significantly lower in open canopies compared to ckosapies in both
seasongwinter: -1.80°C, growingseason-2.81°C) (Figure2, Table1). Additionally, in the
growing season, fir deadwood had lower daily mean and maximum temperatures, and daily
maximum temperatures were also significantly lower on plots wgg $uirrounding deadwood
amountqTablel).
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Tablel: T-values (predictor estimate divided by SD) of the a) monthly and b) seasonal models testianstabjectscalefactorson deadwood mean, minimum and maximum temperature. A
positive tvalue indicates higher temperature values in the reference group (open canopy, uplifted position, fir deadwood) or annneregerature with increasing deadwood amount or
object diamete Conversely, a negativevalue indicates lower temperature values in the reference group or a decrease in temperature with increasing deadwoaddoiecit diameter.
Values in bold represent significant effects (*: p<0.05, **: p<0.01, ***: p<0.00Ihe marginal R? represents the explained variance by the fixed effects éstdrabjectscale variables) in
each model. Models are based on the years -201®. Seasons were defined based on biological data of the study area (see3S2dti§nNote that January is not shown due to unreliable
data caused bthe high numberof days with snow cover. Adapted from Schreiber et al. @Q®%anuscipts 10.1).

Position ]
Canopy . ) Tree species )
Deadwood amount Objectdiameter (reference Marginal R2
(referenc - . (referenc
Auplift

a) mean | min max mean | min max mean | min max | mean| min | max | mean | min max mean | min | max

2 -1.95 [-249 [-125 [ 106 | 19 |[-021 [-077 [-074 [-0.74 [-0.39 [1.37 [132 |-079 [ -1.2 [-0.09 [0.14 [0.20 | 0.06

3 -1.34 [-3.88" |-0.12 |-0.82 |-0.54 |-1.29 0.9 -0.25 [0.75 |0.86 [-0.24 |0.88 |-0.56 |-1.42 | -0.44 0.36 [0.25 | 0.35

4 -0.03 }8.36™ | 1.35 -0.14 -1.3 -0.92 131 0.71 -0.3 1139 [0.88 | 0.5 -098 |[-0.91 | -0.48 0.02 [0.22 | 0.03

5 1.01 [-2.87 |4.12 -0.77 |-0.37 |[-0.27 0.55 0.98 |-0.17 |0.89 [0.88 [ 0.64 |-1.24 |-0.94 -1.44 0.28 [0.29 | 0.24

- 6 6.98" [-3.94" |4.39" [-3.68" -04 -0.21 0.1 141 |-0.44 | 1.8 |0.36 | 1.31 |-2.66" -0.8 -1.42 0.14 10.23 | 0.25

g 7 4.12° |-357 |4.24" |-268 |[-0.28 |-0.03 |-0.18 0.89 |-055 |1.27 (0.09 |0.52 |-2.45 |-1.17 | -1.81 0.18 [0.24 | 0.30

= 8 2.66 |[-5.12" [3.72" -0.99 |-0.39 0 0.02 1.36 |-0.87 |0.58 [0.09 [0.79 |-2.17 |[-1.65 [-2.03 0.13 [0.25 | 0.27

9 0.52 }9.93" [8.02™ -0.09 |-0.35 |[-2.22 0.81 1.4 -0.34 |0.05 |-0.6 |1 0.56 |-0.92 |[-0.52 -1.73 0.05 [0.16 | 0.18

10 -251 |-4.33" 0.4 0.15 -0.04 |-1.25 | 214 0.36 |-0.81 |0.92 [0.47 [0.64 |-1.01 |-1.06 -0.94 0.16 [0.23 | 0.12

11 -1.49 |[-5.07" 0 -0.42 |-0.18 | -0.68 0.32 0.26 | 055 |0.26 [0.59 [0.95 |-0.09 |-0.35 | -0.08 0.37 0.31 | 0.36

12 -3.24 |-2.33 |-2.67 -0.04 1.16 -1.3 -0.62 -1 -0.1 -1.1 159 |-0.29 |-0.09 |[-1.45 0.93 0.08 [0.12 | 0.05

b)

Winter

0.3 [(7.73" | 2091 -0.75 0.73 -091 |-0.17 0.11 |-0.33 |-0.55 [1.35 | -0.5 -1.18 | -1.78 -0.65 0.06 [0.14 | 0.07
= | Nov-Apr

o

§ Growing

| season |6.57" [9.87" p0.47" |-1.92 |-0.79 [-3.83" |-0.34 1.37 |-1.74 |0.71 }0.31 |1.95 |-2.29 -1.13 [-4.09" ] 0.11 |0.12 |0.17
May-Oct




4.1.1 Canopy cover athemain driver of internal deadwood temperature

Across all month and seasons, canopy cover was the main driver of internal deadwood
temperature, witla generallygreater variation in microclimates open canopiesyith lower
minimum temperatureandhigher maximum temperatures during the growing sealoese

effects can be explained by the buffering capacity of temperatures of intact and closed forest
canopiegDe Frenne et al., 2019; Thom et al., 2020; Zellweger et al., 20B8)intact forest
canopy shelter the ground from solar radiat{@raham, 1925; Lindman et al., 202&)d
mitigates temperatureextremes through increased evapotranspiration during hot and dry
conditions(Thom et al., 2020)The results confirm that canopy cover buffers microclimate
extremes, with stronger effects in the leafphase (summer) than in the ledifphase (wintg

in broadleaf stand§Zellweger et al., 2019)However,my results also showed that closed

canopies reduce minimum temperatures in winter, indicatingrpead buffering effects.

The strang link between deadwood temperature and canopy cover enables predictions about the
potential impacts on biodiversity and decomposition processes in the context of climate change.
One could anticipate that deadwood in our forests will face higher temgsratuthe future.

Thus, on the one hantligher temperature can increase heterotrophic respiration and thus
deadwood decompositiqirorrester et al., 2012; Herrmann and Bauhus, 2013; Mackensen et
al., 203; Russell et al., 2014; Seibold et al., 202d)ich will be discussed in more detail in
Chapter4.3, and on the other hand higher andreextreme temperatures might exceeding the
physiological tolerance of deadwood organigMaynard et al., 2019; Stokland et al., 2p12

This might result in changing species diversity patterns and thus may alter related ecosystem
processes via metabolic constraints. However, previous studies showed, that the community
composition of woodlecomposer speci¢iseetles and fungtiffers between open and closed
canopies under current conditioftsrah et al., 2018; Seibold et al., 2016ldicating that
decomposer communities are associated with éfftemicroclimatic conditiongBoddy and
HeilmannClausen, 2008; Fukasawa, 2024/th increasing temperaturegecompositin rates

could increase in the future, thereby enhancing the carbon and nutrient cycles in temperate
forests(Crockatt and Bebber, 2015; Eichenberg et al., 2d10fyever, moisture may become

a limiting factor in the futuredue to alternated precipitation patterp®tentially reducing
decomposition rate®berle et al., 2018; Seibold et al., 2021)
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4.1.2Minor effects of deadwood amount, diameter, posjtiand tree species anternal

deadwoodemperature

The surrounding deadwood amount showed only weak negative effects on deadwood
temperature, contradicting mgssumption that higher deadwoodmountslead to higher
internal deadwood temperature due to a lower allj€tierubini et al., 2012) adknowledge

that the sample size for the predictor variable, deadwood amount, was unbalanced in this study.
However, given the low heteroscedasticity in the models, | conclude that the effect of deadwood
amount on deadwood temperature is negligible at thle &t this researcfhisis in line with
previous studies, which also found no significant effect of deadwood amount on the surrounding
air temperature in forest stan@$aughian and Frego, 20;LKovacs et al., 2017; Thom et al.,
2020)

Deadwood diameter only showed weak and-significant tendencies for slightly higher
minimum temperature in objects with larger diameters in the growing season, when raw data
was plotted'see supplementamaterials ofManuscriptsl0.]). | expected that larger objects
would exhibit greater thermal inertia, leading to variations in temperature based on the object's
diameter. The weak and nosignificant effects may result ihe fact that only CWD objects

were considered in this study. However, the diamewation of the objects varies
considerably between 147 cm, with more than 6% of the objects hang diametes above

30 cm This limited range may not provide enough variability, especially considering that in
the study byPouska et al(2016) which found that temperature stability increased with
diameter, the diameter range wi&s103 cm.In my study, the temperature waseasured 5 cm

below the surface at the cressction end. This standard depth likely amplified the influence

of surrounding air temperature, potentially masking any effects of diameter variability.
Wal czy GEs ka §6014d) fowhd phat sdeeper measurements in stumps increased
minimum temperatures and reduced variationwinter, emphasizing the importance of

measurement depth for assessing deadvdethperature buffering.

Furthermore, the analyses revealed, that deadwood positio Isaghificanteffect on internal
deadwoodemperature. This contrasts witte studyby Lindman et al(2022) who found that
standing deadwood was warmer than lying deadwood. The differegbe loa explained by
differences inexposure to radiatignas Lindman et al.(2022) studied vertically standing
deadwad, while uplifted objects in my study remained horizoralditionally, in the study
by Lindman et al(2022) lying logs could be covered by negmound vegetation. In contrast,

my plotswere standardized tdiminate variation in vegetation covéinrough annual mowing
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ensuring thaboth lying and uplifted objects received similar sunlight exposure, which may

explain the differing results.

Lastly, meantemperatures were significantly lewin fir than in beech deadwood during
warmer monthgJune- August)and the growing season. Since physical properties or surface
characteristics (e.g., bark cover or colmere not measuredican only speculate on the causes.

It might be that differentleadwoodemperaturesesultfrom differences between angiosperm
and gymnosperm wood characteristies.wood is generally less dense than bg@atritan et

al., 2023) which may explain the lower heat absorption and storagdess dense wood has
reduced thermal conductivifpuleiman et al., 1999ifferences in bark (partly or completely
debarked due to decomposition) and wood color (i.e., lightness), which affect heat absorption,
may also play a role. Fungal colonization can further influence wolod; for instance, white

rot fungi produce lighter colors as cellulose, which appears white, remains after lignin decay
(Fukasawa, 2021)n contrast brown rot wood appears darker as lignin persatencellulose
decay(Fukasawa, 2021Both beech and fir can be affected by white and brown rot fungi, with
the prevalence of fungal species exhibiting specific decay characteristics dependirigum var
factors, such as environmental conditions and stochastic pro¢Bssiely, 2001; Brabcova et

al., 2022) Furthermore, differences in physical wood characteristics caused by specific decay
processesan be related to differences in the watelding capacity of the deadwood object
(PS2vntivl an @husGiamay retaih moreigture) thardch, which could
buffer temperature extremds the growing seasorfDavis et al., 2019)Additionally,
observatios suggest thabryophyte covemwas higher onfir, which may enhancenoisture
retention and coolingHeilmannClausen and Christensen, 2005; Pouska et al., 2017)
However, further research is needed to investidgnow deadwood properties, surface structure

and color changesind decay processes affect internal temperatsee€hapters.4).
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4.2 Objective Il: How do contrating microclimatic conditions affeatvood
inhabiting fungd ssuccessional traggory and diversity patternson

deadwood?

Over €n yearsof fungal species succession during deadwood decompositimieagues
identified 486 species across tegeecies (beech and fahd deadwood siz€éWD and CWD)

Up to 25% of the species were unique to either the open or closed canopy conditions, while
more than 506 were found in both microclimateBigure 3). For more detailsiManuscripts
10.2provides additional results highlighting the top two species found exclusively uruther ea
canopy type or both, along with their incidence frequency over time. It also includes a table of
species exclusive to each canopy treatment withiryeas time windows, identifying the most

relevant species for each canopy condition.

Beech branch Fir log Fir branch

(%)

100 Beech log

754 B Closed canopy
Open canopy

Closed & Open
501

- {nini m-mlll III|||||||l |||I||||I|

Number of species

Time (yrs)

Figure 3: Scaled number of species found either uniqueshared under the canopy treatment. Adapted from Schreiber et al.
(2024)(Manuscriptsl0.2).

Although | observed an increasing trend in treatrimsedalpha diversity for logs and
branches of both tree species over time, no significant interaction between time and
microclimatic caditions was detectedNevertheless, when response trends @ndfidence
intervals were considered, the temporal response of fungal divettigred between
microclimatic conditions Kigure 4). In the first years of succession, treatreased alpha
diversity of commonand dominantspecies showed similar trends ldlitfered and showed
diverging trends in later years between both canopmelster yearscommonanddominant
species showed lower alpha diversity in open compared to closed cafbgss.trends were

not shown forarespecies, which showed almost Adistinguished trends between open and
closed canopied-or beta diversity, | detected mostly meignificant trends over time, with
dissimilarity values around 0.25 between microclimates on logs of both tree species and beech

branches.Fir branches showed higher dissimilarity values, particularly for common and

30



dominant species. Overall the dissimilaofyare speciebetweerthemicroclimateswaslower

compared to common and dominant species.

The lack of clear differencen the treatmenbased alpha diversity between closed and open
canopies aligns with a study Bogel et al.(2020) which examined diversity patterns of
saproxylic beetles, woerhhabiting fungi, and spiders across different microclimates during

the early deay stages (first four years) of six tree species. Similar to my findagel et al.

(2020) reported no significant diffences in alpha diversity between canopy treatments for
beech and fir deadwood. However, in the later stages of succession, | observed emerging trends
toward differences in alpha diversity between closed and open canopies, withidie
discussed in the fl@wing sections
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Figure 4: A: Treatmentbased alpha diversity of fungal fruiting communities under closed (black) and open (grey) canopy
treatments with time in years: Breatmentbased community dissimilarity of fungal communities between canopies with time
in years.In both Aand B, smooth curvegpresent generalized additive model (GAM) fits, with error Ixaswing95 %
confidence intervalsAdapted from Schreiber at (2024)(Manuscriptsl0.2.
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4.2.1 Fungal fuiting under variablenicrodimatic conditions

Fruit body development is influenced by macroclimatic and meteoroldgatals(Bilintgen et

al., 2012; Kauserud et al., 2008; Krah et al., 2023; Salerni et al., 2002; Sato et al., 2012)
primarily driven by high summer precipitation and cooling temperatures i(Biadldy et al.,

2014) Climate warming is shifting fruiting patterns toward lonfyeiting season¢Boddy et

al., 2014) In an earkr phas€20122015)of the same experimerdolleagues anddbserved
thatspecies fruiting in open canopies were more characterizedilyer fruit bodies compared

to those in closed canopigsesumablyas an adaptation to reduce water [¢8ah et al., 2022)
However, fruit body size showed inconsistent results betweeades, with larger fruit bodies

of Basidiomycota communities and smaller fruit bodies of Ascomycota communities in open
canopiesSmaller fruit bodies are hypothesized to dissipate excess heat more rapidly, according
to the heaup-cooldown hypothesis, gentially reducing heat stress under open canopies
(Krah et al., 2022)The third trait that we analyzed fruit body color lightness, showed
significant result®nly for Basidiomycota communities, which produced lighter fruit bodies in
open canopies on beech deadw(@ochh et al., 2022)

Notably, | found only one specieldypholoma marginatupthat produced softeshed fruit

bodies in open canopiekiring years 31. In later years, no sefeshed fruiting species were
present in open canopies, while several sped®doloma cetratumn Mycena zephirus
Psathyrella obtusataPholiota limonella Simocybe coniophojacontinued to fruit with soft
fleshedbodies under closed canopies. This suggests that environmental conditions in open
canopies limit the development of fruit bodies with higher water demataigever, further
analyss areneeded to understand the morphological adaptatibhsngal fruit baliesunder

differentmicroclimaticconditions(see Chapter 5.4)

Additionally, it remains unclear whether species were present as mycelium but unable to fruit
due to unsuitable environmental conditions, or if they were entirely lost from the sulististe.

could be investigated by estimating the presence of fungal mycelium using metabaotoding
RNA or metatranscriptome analysiSpecies with higher read counts from environmental
sequencing approaches tend to produeayfruit bodies(Ovaskainen et al., 2013)owever,

this study also revealed that some highly abundant species detected through sequencing were
rarely observed in the fruit body recof@bnversely, another study found that certain rare fungal
species were only detected through fruit body sampling and not through environmental samples
or metabarcodingFraslev et al., 2019)o capture the fullest diversity of species, an ideal

approach would combine both environmental sequencing and fruit body saifitikhker et
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al., 2024) Fruit bodies form only when the physiological and nutrient conditions of the
mycelium, along with environmental factors, are suitdKlges and Liu, 2000)The fruiting
community likely represents a subset of species present as vegetative mycelium. The observed

decline in fruiting or species loss later years may suggest shifts in successional trajectories.

If harsh environmental conditions reduce species diversity, it remains unclear why this
primarily occurs in later decay stages. One possible explanation is the dortimlaraece
tradeoff (Maynad et al., 2019among secondary colonizers. This concept suggests that wood
inhabiting fungi either have narrow environmental tolerance with strong competitive abilities,
or broader tolerance but weaker competitive capacity. Primary and early secondary colonizers,
which sicceed endophytic fungi that inhabit living trees, require strong competitive abilities
(Hiscox et al., 2015bhut may haveeduced tolerance to microclimatic fluctuations. As decay
progresses, latestage colonizers may need even greater competitive abilities to outcompete
established species, but their lower environmental tolerance may hindeh gnogldr open
canopy conditns which may explain the decline in alpha diversity

4.2.2 Microclimatic fluctuationsasadriver of fungal diversity

In my study,| observed lower diversity in later decay stages under open canopies (with more
fluctuating conditions), but not in early decayages. A previous study using microcosms
showed that increasing temperature fluctuations enhanced species richness due to niche
differentiation(Toljander et al., 2006y findings partly contrast with this, suggesting that
microclimatic fluctuations affect species diversity differently across succession Stéptker
environmental fluctuatioleads to an increase or decrease in diversitynes longlasting
guestion in ecolog{Bernhardt et al., 2020; Rashit and Bazin, 1986y exampleRa pop or t 6 s
rule suggests that species tend to hlaiger species ranges in northern a(&svens, 1989)

One explanatioffior this patterns thatspeciesare more adaptdd intense seasonaljtynaking
themmore tolerant towardshanging conditions dtuctuation on smaller temporal scales. This

is supported by a study of global soil fungi, whettowed that species rangeslarger towards

higher altitudegTedersoo et al., 201450r fungi, higher phylogenetic diversity has been linked

to greater thermal seasonality across Eu(@aessler et al., 2022Envirormental fluctuations

can lead to variable diversity responses across organism groups, with plankton diversity
decreasind Gonzal ez and De swile bygsteria and Wwaehabjting 2uagd 4 )
show increased diversitfNguyen et al., 2021; Toljander et al., 2006) further investigate

the potential effect of microclimatic fluctuations on fungal species diversity across succession

an experiment could examine how established fungal communities respond to shifiden
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from stable to fluctuating conditions, such as transferring communities from closed to open
canopies across different decay stag@esthermore, my findings are restricted to temperate
regions and may napply to climates with more stable condit®, such as humid tropics.

Additional experiments in diverse biomes would enhance our understanding.

However,my results showedhat alpha diversityhad stronger patterns whecommonand
dominantspecies were considered, comparedat@ species. This sug@gts tharare species

may be more tolerant of microclimatic fluctuations across successional stages, indicating that
Rapoportds rule might p r i Additionially, oy amgbypirig yootht o d o
FWD and CWDfrom beech and fir, | foundjreaterdivergencein alpha diversity between

canopy conditions over time, particularly in branches compared toQugghe one handhis

might be the resultdecausdogs and branches harbor significantly different fungal fruiting
communities when their suda area is standardizéidrah et al., 2018)Thus, fungal fruiting
communities on branches, which decompose faster and reach advanced decay stages earlier, are
more sensitive to open canopy conditio@s. the other handas alphaliversity differences in

logs also increased over time, these effects may become more pronounced in later decay stages.
Thus, fungal data of long time series under standardized conditions are nece$sdahgeto

illuminate these diversity patterns.

4.2.3 Deadwamd decomposition in different microclimates

Another possible explanation for the reduced alpha diversity under open canopies is the
difference in decay rates (successional speed) and moisture content between deadwood in open
and closed canopies. Decompimsitoccurs faster under open canofi@sffiths et al., 2021,

Jacobs and Work, 2012; Janisch et al., 2005; Shorohova andsdapitl4) however, the
relationship between fungi and decomposition remains unknown and will be discussed in
Chapter4.3. Additionally, the moisture contentni deadwood generally increases during
successiof Pi chl er etvRal v] an6d?2 GaoByl thislhas nd? berl )
thoroughly studied across different microclimates. Therefore, the observed differences in
diversity between canopy conditions may reflect variations in decay rates or moisture dynamics.
This suggests that the decay stage, ragh than time, is used as a predictor, no significant
diversity differences between canopies might be found. My results showesigmificant
interactions between decay stage and canopy treatment on alpha diversity, and no significant
trends in beta divelty (see supplement dflanuscriptsl0.2. However, decay rates were not
directly measured (e.g., via mass loss), but instead assessed usingcls®uwisual

clasgfication system for deadwood, which is effective for detecting coarse differences in
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decompositior{Kdster et al., 2015; Sandstrom et al., 200ifhout disrupting the successional
processThe deadwood objects exhibited considerable variation, with soraa@dg to decay

stages three and four.

Additionally, my study is limited by not capturing the full successional trajectory of fruiting
fungal diversity. Nonetheless, it spans 10 years of species succession on the same deadwood

objects, providing an excaphal timeframe for studying fungal species succession.

4.3 Objective Il: How do stanescale environmentéhctorsand woodinhabiting
fungal diversity diredy and environmentdactorsindirecly affect deadwood

density loswia fungal diversit§

After tenyears of decomposition, log density loss ranged from @&.@d 80%. Annual models

and metaanalyses from both sampling methoffauit body survey and metabarcoding)
consistently identified tree species as the main driver, with significantly higher diessiin

beech logs than fir logs. Canopy cover also had a strong effect, with greater density loss under

open canopies compared to closed candpirgire5).
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Figure 5: A: Effect size (xalue) of environmentdhctorson deadwood density loss for alpha and beta diversity (q0 values)
across each sampling method, deteread through metanalyses based on annual structural equation models. Dashed lines
indicate the significance thresholdsv@lues >|1.96|). B: Raw plots showing density loss for each tree species (yellow: beech,
blue: fir) under different canopy coverseaften years of decompositiohdgpted from Schreiber et al. (20@5(Manuscripts

104).

The results in the following section refer unless explicitly stated otherwise, to the findings of
the metaanalygs of the annual SEM models. The results of the anniEM $odels,the
models using aggregated data, and the raw data plots referenced in the following paragraphs

are provided in the supplementary materialslanuscriptsl0.4
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4.3.1Impact of environmental factors and fungal diversity on deadwood density loss

Canopy cover was consistently identified as the most important driver of deadwood density loss
across all models, witahigher loss under open canopies compared to closed caliEigese

5). This finding was largely consistent across the annual models and the aggregated data models
at the alpha diversity level, as well as in the majority of models at the beta diversity level. An
exception was noted for fruit body splimg on beech, where canopy cover emerged as the
second most important driver. The plots of the raw data supported these patterns irrespective of

tree species or sampling method.

Deadwood heterogeneity the surroundingignificantly influencedhe densty lossof beech

logs across all diversity measures (g0, g1, g2) at both alpha and beta diversity levels, for both
metabarcoding and fruit body ddEigure6). Thiseffect was evident in raw data and supported

by both annual models and aggregated data models, excepéfir metabarcoding datanual

models 2015beta regression modgland 2021 (SEM). Beech logs on plots with higher
deadwood heterogeneity showeaidher density lossDeadwood heterogeneity did not have a

significant effect on the density loss of fir logs.

The surrounding deadwood amount had no significant effedensity loss obeech logs and
showed only smalland inconsistentsignificant effects on density loss offir logs. Annual
models indicated that these effects were driven by a single year, whilanadyaes revealed

no consistent patterns for fir. Effects were either absent in the annual models (fir

metabarcoding) or limited to a singleayg2013, fir fruit body sampling).

Fungal alpha diversity had significant direct effects on deadwood density loss. On beech logs,
higher richness of rare, common, and dominant species based on metabarcoding data increased
density loss, while higher fruitg species richness of dominant species (q2) reddeesity

loss For fir logs, higher fruiting species richness of rare and common species (q0, q1) reduced
density losgFigure6). At least one anual model supported these findings, but aggregated data
models only confirmed effects for fiCommunity dissimilarity effects based on the meta
analysis weraotsupported by the annual models, except for common species detected via fruit

bodies on beech logs.

4.3.2 Effects of evironmentalfactorson fungal diversity

The metaanalyss identified canopy cover as the main driver of fungal diversity across tree
species ath samplingmethods(Figure 6). | observed higher fungal species diversity (rare,
common, and dominant species) under open canopies on fir logs (metabarcoding)cand bee
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logs (fruit body samplingjFigure6), though this effect was weatkhen focusing on the raw
plots Furthermore, @similarity of rare (q0) and common (gl) speciesnmunities vas
affected by canopy covewhereas dominant species dissimilarity (q2) nataffected except
for communities detected on fir logs via fruit body samplifigese effects weresupported by

most annual models and raw plots.

Deadwood heterogeity showed minor effects on fungal diversity, except for the alpha
diversity of rare species detected via fruit body sampling on fir logs, where a positive effect
was observedHigure6). Furthermore, deadwood heterogeneity showed a significant effect on
the dissimilarity ofdominant species on beech logs (metabarcoding) and fir logs (fruit body
sampling)Figure6). However, these effects were limited to specific yaatise annual models
(LMER and SEM)

Surrounding deadwood amount weakly increased alpha diversity for rare, common, and
dominant speeis in fruit body dataon beech logsBy contrast, the opposite pattern was
observed for species detected via fruit body sampling on fir logs, where surrounding deadwood
amount had weak negative effects on the alpha diversity of rare, common, and dominant
species These patterrs wereinconsistent acrosannual models and not supported by models
with across years aggregated datear plots. Similar inconsistencies were noted for common
species dissimilarity on beech la@dsuit body samplingand dominantecies dissimilarity for

fir logs (fruit body sampling)
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4.3.3 Tree specieand canopy cover mainly affedeadwood density loss

The results of manalyseshowed that tree species was the main factor explaining deadwood
density loss, which is in line witiieresults of studies identifyingge species asmajor driver

of deadwood decompositiotarmon et al., 2020; Kahl et al., 2017; Kipping et al., 2022;
Shorohova and Kapitsa, 2014; Weedon et al., 2009)results align with these previous
studies, demonstrating higher decomposition ratesangiosperm wood compared to
gymnosperm wood, which can be mainly explained by differences in wood traits.
Gymnosperms contain higher lignin concentrations and lower nitrogen and phosphorus levels,
which slow their decomposition (Weedon et al., 200@difionally, the structural composition

of lignin in angiosperms, with its higher proportion of sinapyl moieties, forms less densely
crosslinked networks than the guaiacyl moieties predominant in gymnosperm lignin, making
it more susceptible to chemicahd enzymatic degradation (Brunow, 2001; Hatakka and
Annele; Higuchi, 2006). Differences in hemicellulose composition and structural compounds
within the tracheids of angiosperm and gymnosperm wood further influence decomposition
(Weedon et al., 2009). Myrndings confirm that tree species traits outweigh environmental

conditions, such as microclimate, and fungal diversity in explaining deadwood density loss.

Next to tree species identitganopy cover emerged as a key predictor of deadwood density
loss, raking second in the overall models and first in tree spespesific models. Consistent

with previous research, | found higher density losses under open canopies (Harmon et al., 2020;
Janisch et al., 2005; Shorohova and Kapitsa, 2014). However, in my ktuayable to rule

out potential masked effects by fungal diversity. Open canopies likely accelerate
photodegradation and surface degradation by exposing deadwood logs to more solar radiation
(Derbyshire and Miller, 1981; George et al., 2005) and inorgagmperature variability,

which promotes physical processes, such as frost cracking (Fravolini et al., 2018; Harmon et
al., 1986; Russell et al., 2015; Zhou et al., 2007). Enhanced solar radiation may also degrade
specific wood components, such as Imgniimproving enzymatic accessibility for
microorganisms and potentially accelerating decomposition (Austin et al., 2Uh6).
plausibility of direct mechanisms associated with open canopies is further supported by the
relatively weak indirect effects medka through fungal diversity. Although canopy cover
consistently influenced fungal community composition, the subsequent impact of these
communities on wood density loss was minimal (see also discussion bBlieaepancies

with the study by Janisch et §005), which found minimal canopy effects, might result from
their focus on early decomposition stages or shading by regrowth vegetation. In contrast, |

ensured openness by annually mowing to prevent vegetation shading. Additionally,
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macroclimatic condions could influence canopy effects (Harmon et al.,, 2020), and for
example moisture availability may enhance or inhibit deadwood decomposition depending on
whetherit becomes a limiting factor (Seidbold et al., 2021). However,stney areais
characterzed by a high level of precipitatipand thus, moisture was likely not a limiting factor

(see sectiol.1.]).

My results showed that surrounding deadwood heterogeneity directly influenced deadwood
density loss, with higher heterogeneity linked to higher deadwood density losses in beech. This
effect cannot be attributed to fungal diversity, as | tested heterogeéah directly and
indirectly (via diversity) within one model. Thus, the assumption that habitat heterogeneity
promotes diversity, which in turn affects density loss, was not supported. | can only speculate
about the mechanism why deadwood heterogemeitiie surroundingsncreases deadwood
density loss in beech. One possible explanation is that high heterogeneity plots often included
additional fir logs, which might influence microclimate conditions beyond canopy cover. Fir
decomposes more slowly thaedzh in my study, and observations suggest that fir retains more
bark, which appears darker anhy absorbmore heat than the oftatebarked and white rot
dominated beech logs. Thus, the presence of fir could raise microclimate temperatures and
acceleratebeech density loss for exampllerough higher metabolic rates. However, this
remains speculative. Additional data on microclimate and metabolic processes would be

necessary to clarify these effects.

4.3.4 Limited effect of fungal diversity on deadwood densityslo

My study found some significant effects of fungal diversity on deadwood density loss, but these
effects were weak and inconsistent across tree species, diversity measures, and model
approaches. Environmental factors consistently had stronger and nieoke reffects. While

many studies in the past have explored the relationship between fungal diversity and
decomposition using chrorsequence approaches (Rajala et al., 2011; van der Wal et al., 2015;
Yang et al., 2024), there is still no consensus athmutelationship between woadhabiting

fungal diversity and decomposition processes (Runnel et al., 2024). Recent work has called for
realworld studies that integrate natural fungal communities and a variety of diversity measures
while accounting for bibh direct and indirect effects @he environment. With my study, |
addressed this knowledge gap in biodiversitpsystem functioning (BEF) research, showing
that environmental variability, such as canopy cover, is more important than fungal diversity in
explaining deadwood density loss. This finding holds true across different diversity measures,

whether focusing on alpha or beta diversity or considering rare, common, or dominant species.
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My results suggest that from a highly diverse fungal species gistinct yet functionally
redundant communities assemble under specific environmental conditions, consistently
providing the capabilities (e.g., woakkgrading enzymes) needed for wood decomposition.
However, this was clearly revealediy structural equgon models, which showed that fungal
communities on beech and fir based on both, fruit bodies and metabarcoding, were strongly
influenced by canopy cover. But, in turn, the composition of these communésseakly
associated to density loss.

However, ny study has limitations. First, | measured deadwood density only after ten years,
which limits insights into yeato-year decomposition dynamics. However, the data showed up

to 80% density loss over this period, indicating a broad range of variabilitghvatiowed me

to analyze decomposition effectively without the issue of fully decayed logs. Second, |
calculated density loss using baseline values from the literature since no initial log samples
were taken at thetart of theexperiment. While this appach may introduce some inaccuracies,
such as underestimating density loss if initial wood density was atypical, it is unlikely to
significantly affect my results, given the considerable variability observed across logs. For
example, one exceptionallpw-densityloss value (<0.20) for a fir log could reflect an
unusually high initial density due to competitive growth conditions. Third, | used subsamples
from the edges of logs to assess density loss, which may not fully capture the spatial
heterogeneity ofdecomposition within coarse woody debris (Pyle and Brown, 1999). |
mitigated this by cutting slices from the edges before extracting the final disc and through the
number of replicates in my study. Finally, | used deadwood density loss as a proxy for
decaonposition, acknowledging that it may underestimate certain aspects of decay, such as wood
loss from the outer sapwood. Alternative measures, like changes in lignin and cellulose
concentrations, could provide additional insights (Fravolini et al., 2018phaadnet al., 2013).
However, density loss remains a practical and widely used parameter in comparable studies
(Rajala et al., 2011; van der Wal et al., 2015; Yang et al., 2024).
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5 SYNTHESES AND FUTURE PERSPECTIVES

Forest ecosystenface challenges bgurrent and future climate change due to changes in air
temperature and precipitation regimes as well as indirect factors such as indistasbdnce
events.These disturbance everdse expectedotaltermicroclimatic conditionswithin forest
stands dueto changes in canopy coveCurrent studieshave shown that changes in
microclimatic conditions mainly affect deadwood processes such as decomposition as well as
related wood-inhabiting fungaldiversity €.g, Shorohova and Kapitsg2014) Krah et al.
(2018). Furthermore,additional standscale factors which ay change with increased
disturbance events such as deadwood amount and heterogemgityange saproxylispecies
diversity(Lassauce et al., 2011; Seibold et al., 2016a; Seibold et al., 2&idH)us deadwood
decomposition However, deadwood decomposition and relatboblogical processes are
manifold and complex. Thus, this dissertatioontributesto disentanglingthe effecs of
environmental and objestcalefactors on ecological procgses in deadwood undearying

microclimate

5.1 Microclimate as the primary driver of deadwood processes

Among all studiedenvironmental variables, the canemediated standcale microclimate
emerged as the most important factor influencing internal deadwoygstratur@anddeadwood
density lossFurthermoremicroclimate affectthe successioand diversityof woodinhabiting
fungal speciesThis overarching pattern highlights the role of microclimatic conditions across
multiple facets of deadwood processexl givesa comprehensiveanswer to my research
guestions (Chapte?). My first study (Chapter4.1) revealsthat canopy cover is the most
important factor influencing internal deadwood temperatexegedingother environmental
variables that magccuror fluctuate following disturbance events. These findings are attributed
to the buffering capacity of intact canopi@ellweger etal. (2019) demonstrated seasonal
trends in microclimatic conditions under deciduous trees compgarareas outside forests,
highlighting varying contributions of canopy cover, landscape, and topography in explaining
minimum and maximum temperaturésthough my threeyear study did not account for
landscape and topography, it included other staadk predictors and supports the observed
seasonal trends. Notably, it identifiesnopycoveras the main driveof internal deadwood

temperaturehroughout the entire ye@Chapter 4.1)

My secondstudy(Chapter4.2) on the succession of woahabiting fungal species supports

recent findings that microclimate affects weiatiabiting fungal community composition.
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However, most recent studies mainly fooasthe initial years of deadwood decomposition and
species colonization (e.drah et al.(2018). Due to the londerm deadwood experiment (10

year period)| can show, that after an increase in the first years adsiog trend in fungal
species diversitywas observed in both open and closed canopies, but with a stronger decrease
in open canopies (Chaptér2). However, the sipes of the diversity versus time relationship

did not differ significantly between microclimatéreatments Still, the noroverlapping
confidence intervals in many cases support the overall findings of lower species richness under
open canopieNevertheess the results lead to the conclusitivat the fruiting of the fungal
community on deadwood is mostly resilient against the predicted increase in canaydioss

thus microclimate changes

Microclimatewasalsothe major driver of deadwood decompositiprocesses, both directly
and indirectly through changes woodinhabiting fungalcommunities(Chapter4.3). While

most research has primarily focused on only one of these proctesgeraction between
decomposer comnmities and wood decomposition remaimghly complex.Jacobs and Work
(2012)provided initial insights, showing that density loss is influenced by both microclimate
and decomposer canunities. In my study (Chaptdr3), | took this further by usig structural
equation models to simultaneously test these key relationsbigsalingmicroclimatehasthe
strongest direcind indireceffect, via wooeinhabiting fungal diversitypn density loss.

Overall, my studies show that the microclimate, whiah be influenced by disturbances or
forest management, e mostimportant factoramong the tested variables influencing
deadwood processes and the associated biologatalities This highlights the need to

understand how climate change will influendeadwood processes, and how forest

management strategies can be adjusted accordingly.

5.2 Impacts of climate change oeabdwoodorocesses

Disturbances are predicted to increase in tempdoagests under future climate change.
Windthrows and further disturbances result in a higher amafusiéadwood in forest stands,
which increases habitats for saproxylic fungi and bedé@esirs et al., 2022)Furthermore,
windthrowsleadto changse in canopy structure and thus changesnioroclimate conditions
affecting deadwood processes. More open cand@aEso an increasén mean temperature
and more extreme temperatsréhigher temperaturen summer and lowetemperaturein
winter) (Chapter 4.1), resulting in mainly increasing biological processes such as

decompositior{Chapterd.3). Thus,increased canopy disturbance and transformation of forest

44



ecosystems towards angiosperm trees, both forced by global warming, might cause higher rates
of deadwoodurnover.Increased decomposition in open canopiesacaelerate the release of
carbon stored in deadwood, potentially reducing carbon sequestration and increasing
atmosphericarbonrelease Which, in turn, could have positive feedback effects on climate
change and accelerate $skeprocessesHowever, proceses in deadwood are difficult to
disentangleas drivers are highly correlatethe predicted increase in temperature is connected
with changes in precipitation regimes leading to an increase in drought @vepmla et al.,

2021) Thus, an increase meadwooddecomposition with increasing temperature is predicted

as long as moisture is not limit@8aldrian et al., 2013Peadwood moisture content is a critical
variable as itis influencel by various factors such gwecipitation,tree speciesdentity,
shading,ground contact, bark cover, lichesnd bryophyte cover (e.g. Harmon et al., 1986;
Grifyth and Boddy, 1991; Ha r mAdthougla mydfindBgs x t o n
showed that fungal fruiting is largely resilient to microclimatic char{@spterd.2), fungal

growth in deadwood depends on moisture content and istibéiher the moisture level is too

high or too low Consequently the survivalof mycelia and the productiorof sexual
reproduction organs (fruit bodiesf fungal speciesinder future precipitation changes and
prolonged drought events remain poorly understhednon et al., 2012)nd should be further

investigatedmore details in Chaptér.4).

In the long term, changes in macroclimatic conditions are expected to drive a shift in tree species
distribution across Central Europe, with species migrating poleward or to higher elevations
(Hickler et al., 2012; Root et al., 2003jnce wooeinhabiting fungi are highly spéda to their

host tree speciesuch shifts in tree species may also alter the distribution of the associated
fungi, potentially impactingecosystem functions such earbon and nutrient fluxeduring
decomposition processesross EuropeHowever, as th@smacroclimatiedriven changes in

tree species distribution are expected over extended timescales, more immediate shifts in
microclimatic conditions are likely to play a more significant role in influencing deadwood

decompositiorand saproxylic diversitygiternsin the near future.

5.3 Implications for future deadwood management

Given the increasing pressures of climate change on forest ecosystems, there is broad consensus
that adapting forest stands is essential to safeguard their resilience and ecolagtaaisu
Transformingcurrent mostlynonoculture stands into mixed stands with cliredepted tree
species increases resilience against the impacts of climate c(Bageus et al., 2017)

Additionally, structural diversity enhances forest resilience by creating varied microclimatic
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conditions and microfmography, which can be facilitated through deadwood reteiibjas

et al., 2024)Currently, forest microclimates are primarily influenced by disturbance events and
largescale loggingnd thus open corthns, which significantly alter local conditioren stand

and object scal@Blumrdder et al., 202XChapter 4.1)My study has shown that key deadwood
decomposers, woeidhabiting fungi, are predominantly réent to microclimatic changes, but

also that a quarter of the species occur only under open or closed canopy conditions (Chapter
4.2). Therefore, it is importanto enrich deadwood across different microclimates during
management to support ecosystem functioning and enhance carbon and nutrient storage within

forest stands

Thus future forest management strategies in Europe should focus on extending rotatian length

to enhance atmospheric carbon sequestrammsupportstable microclimatic conditionsas

well as on increasintipe quantity and quality of deadwood to improve habitats for biodiversity
conservationOettel and Lapin, 2021Chapter4.2). Mixed forest stands, in particular, can
enhance saproxylic diversity by supportingpr@ader rang®f host specieslt is crucial to

maintain and increase the diversity of deadwood witbhedts, considering factors such as
varying dimensions, stages of decay, and microclimatic conditions, to support saproxylic
communitiesand decomposition trajectofizassauce et al., 2011; Mdller et al., 20@hapter

4.1-4.3). Consequently, the current pressure on forest ecosystems caused by disturbance events
and an increase in deadwood could present an opportonfoster the transition of forest

ecosystems toward greater resilience.

5.4 Knowledge gaps arfditure research directions

In this dissertation, detailed analyses of witleadwood temperature dynamics, the succession

of fungal diversity and environmentahfluences on decompositidnghlight microclimate as

the key factor affecting deadwood processes. With climate change expected to alter forest
microclimates, shifts in deadwood microclimates, saproxylic diversity, and decomposition
dynamics are inevitableNonetheless, further reseaygbarticularly longterm, realworld
monitoring is essential to better understand how these changes will impact the complex
processes of deadwood decomposition. Given the strong interdependence between temperature
and moistue content, future studies should prioritize disentangling their interactions, especially

in the context of macrcand microclimatic influences. igroclimate should be considered

future research at both the stand and object.scale
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At the stand scale, napy cover is widely recognized as a major factor influencing internal
deadwood temperature and subsequent decomposition proc€ssgse(s4.1 and 4.3).
However, other standcale variables that may shift with ongoing climate change, such as the
guantity of deadwooddue to increasing disturbance eve(fatacca et al., 2023)emain
underexplored.l studied thesefactors concerninginternal deadwood temperatur@nd
deadwood decompositipiout further research isieeded to disentangle fact@sch as the
potential thermal absorption of varyingadwood amountand their interactions wit other
drivers of forest microclimatic conditions beyond canopy cover, includinderstory

vegetationand soil structure.

At the object scale, further research should explore how deadwood properties, surface structure,
color changes, and decay processflaence internal temperatures and metabolic rates. Since
temperature is closely linked to moisture conterdu@ka et al., 2006 a critical factor in
deadwood decomposition and fungal grovitiere is a need for more data from simultaneous
measurements internal deadwood temperature and moisture content to better understand their
interaction. Measuring moisture in a heterogeneous log, howmesentshallenges, as most
studies rely on destructive methods, such as analyzing log disks in the InpoFataddress

this, accurate and practical methods for-kgatld experiments are needed to measure both
moisture and temperature in entire deadwood logs under various conditions. Future
measurements should involve placing sensors at different depthsoaiidns within logs,
accounting for a wide range of diameters and environmental conbexasldition to more
precise measurements of temperature and moisture content, annual estdgeagecific
measurements of deadwood density would enhance ourstsuaging of how environmental
effectsand related diversitynfluence density loss throughout decompositi®his would
furtherimprove the findings ofmy third study (Chapte3.2.3.2and4.3.4).

Although woodinhabiting fungal communities are known to respond to microclimatic
conditions, my study on the succession of furfgaiting species revealed that community
dissimilarity between harslopen canopiespnd benign(closed canopiesjnicroclimates
remainsmainly stable over ten year€lapter4.2). However, at the alpha diversity level, we
observed a decline in fungal species richness under harsh microclimates. This decline may
persist or even intensify during later decay stages,raodeng the neetbr longterm fungal

data samm@d under standardized conditions to further illuminate these findtughermore

future studies should aim to uncover why, and under what conditions, some fungi produce
fruiting bodies while others do ndExperiments manipulating fungal communities under both

stable and variable edaphic conditions could help test how interspecific competition between
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tolerant, earlycolonizing species and more competitive, katiage colonizermfluencefungal
growth in harsh microclimates. Additionally, despite successful fruiting in specific
environments, there is still limited understanding of the morphological adaptations and

environmental cues theggulatefungal fruiting in response to variable microclimates.

My findings on fungal succession over ten years, based on fruit body data, also highlight the
need for complementary sampling methods, such as metabarcoding, to confirm these results.
Additionally, further research is essential to deepen our understandinmgsdl fmycelial
resilience to extreme temperature and moisture conditions, as well as the adaptive mechanisms
of fungal species at the fruit body level, given that fruit body production represents successful
fungal reproduction.Also, to gain mechanistic sights into how fungal communities
decompose wood, future studies showdply diverse methods tcharacterize active
communities (e.g., via RNA analysis) and assess the actual abundance and functional
performance of fungal individuals (e.g., using prote®nin deadwood under specific
environmental conditions. Moreover, the effects of microclimatic changes, particularly
droughts, on bacteria remain unclear. Since bacteria are more efiemsiéive than fungi
(Lennon et al., 2012) and play a significaolierin deadwood decomposition (Stokland et al.,

2012), additional research on their responses to shifting microclimates is crucial.

Summarizing these future research directions in the context of climate change highlights the
crucial need to gain a deeperderstanding of fungal responses to shifts in climate conditions
This involves investigating how projected changes in temperature and precipitation affect
deadwood decomposition processes and the occurrence of fungal communities, both as mycelia
and fruiing bodies, under controlled and standardized conditions. An experimental setup could
be established where precipitation is varied not only in amount but also in frequency, simulating
potential drought conditions. This could be achieved by using roofsouer che logs.
Additionally, temperature manipulation could be implemented using infrared lamps or heating
cables placed inside the logs, similar to methods applied in soil experifegni®oll et al.,

2013, to simulate future temperature scenarios. The study design would include a control
treatment representing current céite conditions, along with two climate change scenarios
(RCP 2.6 and RCP 8.5), both simulating increased temperatures and reduced precipitation
(Figure?).

Ongoing measurements of wood temperature and moisture would enable the quantification of
environmental correlations, while systematic sampling of fungal mycelia and fruiting bodies

could reveal speciespecific patterns in survivaleproductionand community dynamiasder
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altered climatic regimed.he experiment also provides an opportunity to investigate whether
fungal fruiting body and spore traits adapt to specific temperature antureot®nditions,
offering insights into the evolutionary adaptations, survival strategies, and dispersal dynamics
of woodinhabiting fungi.Continuous wood sampling would further allow for the assessment

of decomposition dynamics across treatments, basetianges in lignin and cellulose content
(e.g.,Fravolini et al., 201B(Figure7).
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Figure 7: Conceptual study design to investigate the effects of increased temperature and reduced precipitation on fungal
communities, assessed through both fruit bedgveys and metabarcoding, as well as on deadwood decomposition and
potential fruit body adaptations. Log moisture and temperature measurements are indicated by quadrates within the logs.
Alongside current conditions (control), two climate change scen@RG® 2.6 and RCP 8.5) represent a gradient of warming

and drying. Fungal data and wood samples would be collected from each treatment.
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6 CONCLUSION

Deadwood plays a crucial role in forest ecosystems by providing habitats for diverse organisms
and supporting essential ecological functions. Climate change, thrarghsingemperatures

and increased disturbancasch asvindthrows significantly affets these processddowever,
knowledge gaps about how staschle and objeetcale factors which might occur after
disturbances, affect deadwood decomposition processes still exist, making comprehensive
predictionsfor future deadwood decomposition praaesand associated ecosystem services
difficult. Knowledge gaps remain because deadwood decomposition is a complex process
influenced by various environmental factors and windhbiting fungal diversity, which is

also affected by the environment.

An overdl important factor in biological processes is temperature and | could showatiogtyc

cover emerged as the primary driver of internal deadwood temperature. Open canopies
increased mean and maximum temperatures during the growing season and decr@ased min
temperatures in winter. Other factors, such as deadwood position, diameter, and surrounding
deadwood amount, had weaker and less consistent efiduis, largescale disturbances
strongly affect internal deadwood temperature, which might have carssgpion ecosystem

functions and services provided by deadwood.

Furthermore, by using canopy cover as a proxy for microclimate, | analyzetelomgungal
fruiting body diversity and identified @on-significant)successional pattern: fungal diversity
initially increased but declined over time, with the decline being more pronounced under open
canopiesDespite these changesmposition ofungal communiesremained relatively stable,

indicating resilience tprojectedshifts incanopymediated microcinaticconditions

However, deadwood decomposition is a complex relationship between environmental factors
and woodinhabiting fungal diversityTo explore this| simultaneouslanalyzd both the direct

effects of the environment and thendirect effects via fungal diversity on deadwood
decompositionDecomposition was primarily influenced by tree spedaiestity and canopy

cover. Beech logs decomposed faster than fir logs, and decomposition was higher under open
canopies. Although environmental factoffeeted fungal diversitygdiversity contribution to
decomposition was weak and inconsistdihis suggests that the carb@md nutrient cycle in
temperate forests primarily affected by forest management decisjaisch adree species
selectionand logging intensitywhich affect canopycover. With hcreasing disturbances and

more open canopiea higher rate of deadwood turnowan be expected in the future.
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These findings emphasize the importance of canopy cover in regulating deadwoodeprocess
and suggest that maintaining diverse canopy conditions can promote habitat heterogeneity and
ecosystem resilience. However, knowledge gaps remain regarding-stgéeimicroclimatic
conditions, particularly the interaction between moisture and tenuperand their effects on

fungal diversity. Additionally, future research should investigate fungal functional traits across
different microclimates and the loitgrm impacts of climate change on deadwood

decomposition dynamics.
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ABSTRACT
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Deadwood is a crucial component of forest ecosystems, supporting numerous forest-dwelling species and
ecosystem functions, such as water and nutrient cycling. Temperature is a major driver of processes, affecting,
inter alia, metabolic rates within deadwood. Deadwood temperature is determined by factors at both the forest
stand-scale and individual deadwood object-scale. Yet, the contribution of individual factors within the complex
hierarchy of scales that drive temperature in deadwood remains poorly understood. We conducted a real-world
experiment to analyze the effects of forest stand canopy cover (open vs. closed canopies), surrounding deadwood
amount (high vs. low), deadwood tree species (beech vs. fir), position (soil contact vs. uplifted) and diameter
(range: 19-47 cm) of coarse woody debris on within-deadwood daily mean, minimum and maximum temperature
at monthly and seasonal level. Stand-scale factors were more important than object-scale factors for explaining
the variance in temperature. Canopy cover exhibited the strongest relationship with temperature. Daily mean
and maximum temperature were higher and daily minimum temperature was lower in open than in closed
canopies during the growing season (May-October). Further, daily minimum was lower in open canopies during
winter (November-April). Annual daily mean and maximum temperature were about 1 °C and 5 °C warmer,
respectively, and minimum temperature about 2 °C colder in open compared to closed canopies. Effects of
deadwood amount, object diameter, position, and tree species on temperature were less important and statis-
tically significant in only a few months. We conclude that canopy cover is more important than deadwood
characteristics in determining internal deadwood temperature. An increase of canopy disturbance will hence
elevate the temperature in deadwood, which might have important consequences on deadwood-dwelling species
and ecological processes, such as heterotrophic respiration. To diversify habitat conditions for multiple species,
we recommend enriching deadwood under various canopy conditions.

1. Introduction

provisioning of wood, ecosystem regulation, cultural services, and
habitat maintenance (Erdjaa et al., 2010; Janeczko et al., 2021; Kuehne

Deadwood is an important component of all forest ecosystems et al., 2008). However, deadwood amount, heterogeneity and the
globally. It contributes substantially to global forest biodiversity and related ecological processes and services are heavily affected by global
functioning, and hence to crucial ecosystem services like the climate change, both directly (e.g., via temperature increase) and
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indirectly (e.g., via climate-induced disturbances) (e.g., Seidl et al.,
2014; Seidl et al., 2017).

Temperature is among the most important predictor for biological
processes in deadwood, as it directly influences mechanisms like ther-
moregulation. The most influential organisms driving deadwood
decomposition are ectotherms (e.g., fungi, bacteria, insects), i.e., or-
ganisms regulating their body temperature primarily through external
thermal conditions. Temperature in deadwood determines the thermal
niche of ectotherms and hence the community composition of organisms
in deadwood (Lennon et al., 2012; Maynard et al., 2019). A second
mechanism is metabolic rate, that is the rate at which an organism
converts chemical energy stored in food sources into usable energy. For
example, metabolic processes like enzymatic activity to decompose
deadwood depend strongly on temperature (Magan, 2008). As temper-
ature increases, decomposition rates might accelerate due to increased
metabolic activities of deadwood-dwelling organisms (Forrester et al.,
2012). Consequently, the release of carbon driven by heterotrophic
respiration is expected to increase (Forrester et al., 2012; Herrmann and
Bauhus, 2013; Rinne-Garmston et al., 2019). On the other hand, warmer
temperatures might lead to a loss of less warm-tolerant species (due to
their physiological constraints), which ultimately affects the
deadwood-dwelling community. This might have consequences on
related ecosystem processes like decomposition (Barbé et al., 2020;
Maynard et al., 2019). Yet, the manifold factors driving temperature in
deadwood are unknown, hindering the prediction of cascading effects
from altered ectothermic activity over decomposition rates to ecosystem
processes (e.g., carbon- and nutrient-cycling) under climate change.

Temperature in a deadwood object might be affected by different
factors acting at different scales. At stand scale, canopy cover strongly
influences microclimate conditions in forests (e.g. Thom et al., 2020;
Zellweger et al., 2020). However, the buffering capacity of canopy cover
depends on temporal fluctuations in macroclimatic conditions and on
local stand and site conditions (Rita et al., 2021; Thom et al., 2020).
Studies focusing on temperature in deadwood under various canopy
conditions across years are scarce. However, it was recently shown that
temperature inside deadwood was higher under open compared to
closed canopies (Lindman et al., 2022; Romo et al., 2019). For example,
during the summer months, the average maximum temperature in pine
deadwood located in clear-cut areas was approximately 5-6 °C higher
than in deadwood within pine stands in New Zealand (Romo et al.,
2019). This indicates that climate change not only increases temperature
directly, but also indirectly by boosting canopy disturbance caused by
multiple disturbance agents (e.g., windthrow, insect calamities)
(Schmidt et al., 2017; Seidl et al., 2017; Senf and Seidl, 2021), reducing
the microclimatic buffering capacity of forest ecosystems. Consequently,
the effects of climate change on the thermal conditions inside deadwood
are twofold: direct via atmospheric warming, and indirect via increased
canopy openness. A first step towards a better understanding of what
this means for ecosystem processes, is to analyze the temperature inside
deadwood under various canopy conditions.

The amount of deadwood in a forest stand might also affect the
temperature within a deadwood object. With an increasing amount of
deadwood in a forest stand, the temperature of a deadwood object might
increase due to a higher temperature absorption of the surrounding
objects (i.e., lower albedo) (Cherubini et al., 2012). For example,
snowmelt studies showed that due to the increasing absorption of solar
radiation of deadwood via the black body effect, the nearby temperature
increases and elevates snowmelt rates (Marangon et al., 2022). Further,
Cherubini et al. (2012) suggested that albedo increased with the
removal of organic material in forest ecosystems. However, other studies
at stand-scale did not detect a notable effect of deadwood on the forest
microclimate (Kovacs et al., 2017; Thom et al., 2020). It remains unclear
whether surrounding deadwood affects temperature inside deadwood,
potentially resulting in alterations of processes inside deadwood.
Further, it is unclear whether a critical amount and a specific arrange-
ment (e.g., clustered versus distributed) of deadwood changes internal
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deadwood temperatures.

Several factors at the scale of an individual deadwood object might
further influence temperature within deadwood. (i) The diameter of the
deadwood object: Previous studies indicated that the average minimum
temperature of logs increased from object surface to object center while,
at the same time, temperatures were less variable (Romo et al., 2019,
Walczynska and Kapusta, 2017). In effect, temperature stabilizes with
increasing deadwood diameter (Pouska, et al., 2016). Yet, the role of
diameter on deadwood temperature remains unclear when accounting
for other confounding factors. (ii) The position of the deadwood object:
Lindman et al. (2022) found that the mean temperature inside dead-
wood was higher in standing compared to downed deadwood indicating
differences in the exposition to radiation (Hutchison and Matt, 1977).
However, soil contact may also increase deadwood moisture and thus
latent heat, inducing a local cooling effect (e.g., Pouska, et al., 2016).
Further, downed and standing deadwood objects often differ in decay
stage, altering the capacity to store water within deadwood with po-
tential consequences on temperature (Uhl et al., 2022). Thus, the extent
of soil contact of a deadwood object might critically affect within
deadwood temperatures. (iii) Wood chemical- and physical character-
istics (e.g., wood density, Paletto and Tosi, 2010) differ substantially
among tree species: An important event in evolution causing significant
differences in chemical and physical properties was the split between
Angio- and Gymnosperm tree species (Lombardi et al., 2013; Pietsch
etal., 2014; Weedon et al., 2009). To the best of our knowledge only few
studies measured temperature inside deadwood, but they did not
distinguish among tree species (Graham, 1925; Lindman et al., 2022;
Pouska, et al., 2016; Pouska et al., 2017; Romo et al., 2019; Savely,
1939; Walczynska and Kapusta, 2017). Thus, it remains unknown
whether tree species with different physico-chemical properties also
have different temperatures under similar environmental conditions.

Here, we conducted a real-world manipulation experiment at both
the stand-scale and the deadwood-object scale to unravel the contribu-
tion of hierarchical factors on the internal temperature of deadwood. We
compiled a unique dataset to derive the importance of individual drivers
on daily mean, minimum, and maximum temperatures inside
deadwood.

2. Material and methods
2.1. Study area and study design

The within deadwood temperature measurements were conducted in
a long-term deadwood experiment in the management zone of the
Bavarian Forest National Park in southeastern Germany (48°540N,
13°290E). The management zone is characterized by mixed mountain
forests, dominated by Norway Spruce (Picea abies (L.) H. Karst), Euro-
pean Beech (Fagus sylvatica L.) and Silver Fir (Abies alba Mill.) (Bassler
et al.,, 2011). Mean annual temperature (1972-2001) and total annual
precipitation varies depending on altitude between 3.5 °C to 7.0 °C and
1300 mm to 1900 mm, respectively (Bassler et al., 2010). A biodiversity
survey in the study area revealed that the main growing season with
most species activity is roughly between May and October (Bassler,
et al., 2015). This is also the period with the highest activity of
deadwood-depending species on beetles and fungi (Krah et al., 2018;
Lettenmaier et al., 2022; Seibold et al., 2016).

Twelve plots with a standardized size of 0.1 ha were established in
four different sites (blocks) across the study area (ca. 48 km?, minimum
distance between sites: 2.4 km). Half of the plots were characterized by
closed and the other half by open canopies. Plots contain either low
(25.20 m°/ha on average) or high (178.12 m®/ha on average) amounts
of deadwood. Deadwood was harvested with chainsaws from stands
with similar conditions (elevation, age, tree species composition, etc.)
and brought to the plots at the end of 2011 (Table S1, see more in-depth
description of the experiment in Krah et al., 2018). Three to five beech
and/or fir deadwood objects (diameter range: 19-47 cm; average
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diameter: 32 cm; length: 5 m) were randomly selected on each plot to
balance the number of objects across our plots. The objects were either
completely lying on the ground or uplifted (stacked over other objects
with < 50 % soil contact). Altogether, the experiment included 26 ob-
jects in open and 24 objects in closed canopies, of which 25 were beech
and 25 fir objects, 23 of which were uplifted and 27 were with complete
soil contact (Table S1). Note that the design is unbalanced for the pre-
dictor deadwood amount with 10 objects characterized by low and 40
objects by high amounts of deadwood. We account for this imbalance in
our analyses (i.e., test for heteroscedasticity; for more details, see section
data preparation and statistical analyses). Our factorial predictors were
canopy cover (open versus closed), deadwood amount (high versus low)
position (lying versus uplifted) and tree species (beech versus fir). As we
have measured the deadwood amount (m>/ha) on each plot and because
there is a high variability of deadwood amount within the categories
(high and low amount), we considered this predictor as a continuous
variable (Table S1). However, note that the results are robust if
considering deadwood amount as a factor in the models (data not
shown). Therefore, the final continuous predictors were deadwood
amount and object diameter.

Inside the 50 deadwood objects, temperature was recorded at 15-

Agricultural and Forest Meteorology 362 (2025) 110378

minute intervals from May 19", 2016, to October 31%, 2019, in the
wood sub-surface layer using Pt100 resistance thermometers connected
to data loggers (MINILOG-T6, Fiedler AMS, Ceské Budéjovice, Czech
Republic). In each object, one thermometer was inserted at the cross-
section of the object, 5 cm below the object surface and 10 cm deep
inside the object. This allows a comparison with other studies and
further, temperature measures at this depth were significantly related to
saproxylic diversity (Pouska, et al., 2016; Pouska et al., 2017). The
thermometers of uplifted objects were inserted at their upper ends. At
each thermometer the object diameter was measured (Fig. 1).

2.2. Data preparation and statistical analyses

First, we harmonized the collected data and removed potential un-
realistic values. To determine potential unrealistic values, we used
temperature data from a nearby meteorological station (Waldhauser). In
the months of December to March, we removed all values above 20 °C,
values below —20 °C and values that showed a deviation of +/- 10 °C
from the meteorological station. In the months of April to September, we
removed all values that showed a deviation of +/- 20 °C. We consider
this procedure as a conservative approach. However, >99 % of the data

Stand-scale Object-scale
a) canopy cover c) object diameter
closed VS. open

=

object position
lying vs. uplifted

d)

b) dead wood amount
low Vs.

=4 J|paa

— &

tree species
beech vs. fir

g) Plot (open canopy) with lying

and uplifted objects
a

Fig. 1. Experimental deadwood temperature setup (a-e): Stand-scale factors are (a) canopy cover and (b) deadwood amount in the immediate surrounding (within
the plot). Deadwood-object scale factors are (c) diameter, (d) position, (e) tree species. Illustration of plot and object conditions (f, g): Left (f); plot under closed
canopy conditions with high amount of deadwood and lying and uplifted objects. The inset in (f) shows the position of the thermometer (inserted at the cross-section
of the object, 5 cm below the object surface and 10 cm deep inside the object). Right (g); plot under open canopy conditions with a high amount of deadwood and

lying and uplifted objects.

78



J. Schreiber et al.

points remained after this cleaning step and we, therefore, safely assume
that this reduction should not have substantial effects on the study’s
inferences. Second, we calculated the daily mean, minimum and
maximum temperature from the cleaned 15-minute values. Third, based
on these data, we identified thermometers that were most likely covered
with snow during wintertime. Snow days were defined based on the
assumption that within a three-day time window the daily maximum
temperature and the difference between daily maximum and daily
minimum temperature remain relatively constant or do not exceed a
certain threshold: the thresholds for the three-day window for the dif-
ference in daily maximum temperature was set to 1.25 °C and the
temperature variation within a day should not exceed 1 °C. These
thresholds were adapted from the 'myClim’ package in R (Man et al.,
2023). All detected snow days were compared to the snow level data
from the nearby meteorological stations Waldhéuser and GroBer Rachel
and were finally removed, if the stations confirmed the existence of
snow. Due to the high number of snow days in all sample years, the
month January was omitted from the analyses. Due to this procedure
and temporary failure of some data loggers, we could use the data from
June-December in 2016, February-November in 2017,
February-December in 2018 and March-October in 2019 (Table S2).

We applied multivariate linear mixed effect models to test simulta-
neously the influence of stand-scale variables (canopy openness, dead-
wood amount) and object characteristics (diameter, position, tree
species) on the mean, minimum and maximum temperature inside
deadwood based on daily data on monthly and seasonal level. We used
the function Ime within the R package 'nlme’ (Pinheiro and Bates, 2000).
We defined the seasons as (i) the period with most of the species’ activity
in the study area based on biodiversity survey data (May-October,
Bassler et al. (2015), see also above) versus winter time (November--
April) and (ii) meteorologically for our locality to allow comparison
with similar studies (Deutscher Wetterdienst, 2024). Meteorological
seasons were defined as spring (1% of March — 31*' of May), summer (1
of June — 31% of August), autumn (1% of September — 30™ of November)
and winter (1% of December - 28/29™ of February). To account for the
influence of the macroclimate conditions of the respective years in the
models, the mean annual temperature of the respective years
(2016-2019) from the nearby meteorological station Waldhauser was
included as a covariate (Fig. S1). The continuous explanatory variables
(deadwood amount and object diameter) were standardized (z-trans-
formed). All response variables were normally distributed and collin-
earity among predictors was low (r<|0.04|). Levene tests revealed low
levels of heteroscedasticity for the predictors. To account for the nested
structure within our study design, we included a nested random effect,
that is, plot within site. As consecutive temperature measurements
might result in temporal autocorrelation, we included the first order
autocorrelation, using the function corAR1 within the R package 'nlme’
in our models. We used the Durbin-Watson statistics (function Durbin-
WatsonTest within the R package 'DescTools’ (Signorelli and et mult. al.,
2021)) to evaluate whether the autocorrelation term within the model
reduced temporal autocorrelation. For the interpretation of the results,
we used the descriptive plots based on the raw values (Fig. S2-S7) and
the full model output (estimate, SD, t-value, p-value). We report the
t-values of the model (predictor estimate divided by SD, a type of
signal-to-noise-ratio) to provide a direct comparison of the effects
among predictors while considering the variability in the data. We also
derived the marginal R? that represents the explained variance by the
fixed effects, using the function r.squaredGLMM within the ‘MuMIn’ R
package (Barton, 2024).

The Durbin-Watson statistic revealed significant (p<0.05) mean
values between 0.24 and 0.92 for our models, and hence, still indicated
weak temporal autocorrelation (Draper and Smith, 1998; Durbin and
Watson, 1950). For this reason, we applied additional models using
mean temperature values aggregated for each month as response vari-
able. For these data, we set a threshold for daily data missing within a
month to avoid aggregation bias. Specifically, we adopted the “5/3 rule™
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for data completeness suggested by the World Meteorological Organi-
zation (Anderson and Gough, 2018). This rule states that no more than
five missing daily values or no more than three consecutive missing daily
values should occur in a month (World Meteorological Organization,
2017). Following this convention, we calculated the monthly average of
daily mean, minimum and maximum temperature for each object. As a
result, data from a different number of objects were available for anal-
ysis of each month of the year (Table S2). Monthly linear mixed effect
models were applied using the function Imer within the R package "Ime4’
(Bates et al., 2015) using annual temperature in the offset argument to
account for the annual difference in mean temperature, and we used plot
nested within site as random effect. This exercise demonstrated that the
inferences drawn from the daily models with weak temporal autocor-
relation are overall robust (Table 1, Table S3). However, in order to
reduce the potential bias in the interpretation of the model with daily
resolution, we report the results of both model approaches. Further-
more, our monthly data span multiple years, but we do not have com-
plete data for every month in each year. Although the mean annual
temperature for the respective years was included in our overall models,
this variation in data availability could introduce bias. To address this,
we also modeled each month of each year separately, based on the
available data. This exercise supported the findings of the overall models
(data not shown), and we therefore present the models for each month
and season, incorporating all available data across the years.

3. Results
3.1. Deadwood temperature

We observed a pronounced temporal variation in temperature inside
deadwood. The highest measured mean daily temperature was 31.42 °C
(August 2017) and the lowest -10.12 °C (February 2018, Fig. S2). During
these months, the lowest daily minimum temperature (-17.31 °C in
February 2018) and the highest maximum temperature (49.65 °C in
August 2017) were also measured (Fig. S2). Over the winter seasons
(November-April, excluding January, see method section), the measured
daily mean temperature was 5.29 °C, the minimum temperature was
2.20 °C and the maximum temperature was 8.38 °C. The average daily
temperatures in the growing seasons (May-October) were up to ~9 °C
higher than in the winter seasons, with a measured daily mean tem-
perature of 14.23 °C, a minimum temperature of 10.52 °C and a
maximum temperature of 17.95 °C.

3.2. Deadwood temperature drivers per month

3.2.1. Daily mean temperature

Our models reveal that canopy cover has the strongest effect on
deadwood daily mean temperature (Table 1). In June, July and August,
the mean deadwood temperature was significantly higher in open
compared to closed canopies (Table 1 and Fig. 2). On average, daily
mean temperature was 2 °C warmer in open than in closed canopies
during these months (Fig. 2). The month with the largest difference
among canopy treatments was June (2.35 °C). In contrast, in October
and December, the mean deadwood temperature was significantly lower
in open than in closed canopies (Table 1 and Fig. 2). Furthermore, the
daily mean temperature was negatively affected by deadwood amount
in June and July (Table 1). However, this was not supported by the
models based on monthly aggregated data (Table S3, used as sensitivity
analysis to account for temporal autocorrelation observed in the models
based on daily resolution, see statistical analysis). Finally, fir deadwood
was characterized by significantly lower daily mean temperature than
beech deadwood in June, July and August (Table 1). On average, daily
mean temperature was by 0.96 °C lower in fir than in beech deadwood
during these months (Fig. 2). However, the difference in June was not
significant in the monthly aggregated model (Table S3).
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3.2.2. Daily minimum temperature

Our models revealed that the daily minimum temperature was
significantly lower in open canopies from February to November
(Table 1). However, effects were not significant in February, March and
May in the monthly aggregated models (Table S3). On average, daily
minimum temperature was 2.08 °C colder in open than in closed can-
opies during from February to November (Fig. 2). The month with the
largest difference was October (-3.31 °C). The amount of surrounding
deadwood, object diameter, object position or tree species had no sig-
nificant influence on the daily minimum temperature in any month
(Table 1, Table S3).

3.2.3. Daily maximum temperature

The daily maximum temperature was significantly higher in open
canopies from May to September and significantly lower in open can-
opies in December (Table 1, Tab S3). On average, daily maximum
temperature was 6.39 °C warmer in open than in closed canopies during
May to September (Fig. 2). The month with the strongest difference was
June (7.60 °C). Furthermore, maximum daily temperature was signifi-
cantly lower in fir than in beech deadwood in August (Table 1), how-
ever, this was not supported by the models based on monthly aggregated
data (Table S3).

3.3. Deadwood temperature drivers per season

The growing season in our study is defined from May-October and
the winter season from November-April (see data preparation for
explanation). The presented results for the growing and winter season
are similar to the model results based on meteorologically defined sea-
sons (spring, summer, autumn, winter, see data preparation for defini-
tion and Table S4 for the results).

3.3.1. Daily mean temperature

We found no significant effects of any variable explaining daily mean
temperature of the winter season (Table 1). In contrast, daily mean
temperature was significantly higher in open than in closed canopies in
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the growing season (Table 1 and Fig. 3). On average, daily mean tem-
perature was 1.12 °C warmer in open than in closed canopies in the
growing season (Fig. 2). Further, daily mean temperature was lower in
fir than in beech deadwood in the growing season (Table 1).

3.3.2. Daily minimum temperature

The daily minimum temperature of both the winter and growing
seasons was significantly lower in open than in closed canopies (Table 1
and Fig. 3). On average, daily minimum temperature was -1.80 °C colder
in open than in closed canopies in the winter and -2.81 °C colder in the
growing season (Fig. 2). No other treatments had a significant effect on
daily minimum temperatures.

3.3.3. Daily maximum temperature

The daily maximum temperature showed significantly higher values
in open canopies in both winter and growing seasons, however, the ef-
fect was stronger in the growing season (Table 1 and Fig. 3). On average,
daily maximum temperature was 1.87 °C warmer in open than in closed
canopies in the winter and 5.05 °C warmer in the growing season
(Fig. 2). The daily maximum temperature of the deadwood was signif-
icantly lower on plots with high amount of surrounding deadwood and
in fir deadwood in the growing season (Table 1, and Fig. 3).

4. Discussion

Across all months and seasons, we found that temperature in dead-
wood is mainly driven by canopy cover. Open canopies exhibited greater
variation in microclimates with lower minimum temperatures
throughout the year and higher mean and maximum temperatures
during the growing season. In comparison, deadwood amount at stand-
scale and the object-scale factors diameter, position and tree species
were of lower importance for mean, minimum and maximum temper-
ature variability in deadwood.

Canopy Deadwood Object Position Tree species
(reference "open”) ~ amount diameter (reference "uplifted") (reference "fir")
winter season y L] 1 L b o g .
Mean
growing season - . g . g L b 0 4 e
winter season - L 1 ° 1 4 1 L] E .
Minimum
growing season+{ e g . E ° g d g o
winter season 0 - . - o : ] o i o
Maximum
growing season o { o 4 . 4 . {e
S Soooo w ) o 0 o O © o o o =) [y
8 e = =T : : G
t-value

Fig. 3. T-values (predictor estimate divided by SD) from the seasonal models testing stand and object scale variables on deadwood daily mean, minimum and
maximum temperature. A positive t-value indicates higher temperature values in the reference group (open canopy, uplifted position, fir deadwood) or an increase in
temperature with increasing deadwood amount and object diameter (see method section). Conversely, a negative t-value indicates lower temperature values in the
reference group or a decrease in temperature with increasing deadwood amount and object diameter. Models are based on the years 2016-2019. Growing season
(May-October) versus winter (November-April, without January) is defined from biological data of the study area (see method section). Shaded areas indicate the
range of non-significant values (95 % confidence level, see also Table 1). Note that the x-axes differ among the predictor variable canopy cover and the other

predictor variables.
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4.1. Strong effect of canopy cover on deadwood temperature

We found that maximum temperature was significantly higher and
minimum temperature was significantly lower in open canopies in the
growing season (May-October). The observed effects of canopy openness
on the within object temperatures can be explained by the buffering
capacity of temperatures by closed canopy (De Frenne et al., 2019; Thom
et al., 2020; Zellweger et al., 2020). Intact forest canopies shelter the
ground from solar radiation (Graham, 1925; Lindman et al., 2022). In
addition, evapotranspiration increases with hotter and drier weather
conditions during the growing season, compensating weather extremes
to some degree (Thom et al., 2020). Therefore, our results support the
view that canopy cover buffers microclimate extremes and that these
effects are stronger in summer during the leaf-on phase than in winter in
the leaf -off phase (Zellweger et al., 2019). However, our models
revealed also that the daily minimum temperature is significantly lower
in open conditions in winter. This indicates a clear buffering of extreme
minimum temperatures by closed canopies even outside the growing
season.

The strong relationship between deadwood temperature and canopy
cover allows inferences and predictions about consequences on the di-
versity and decomposition processes in times of climate change. We
expect that deadwood in our forests will experience higher temperatures
in future. Basically, higher temperatures can increase heterotrophic
respiration and thus wood decomposition rates (Forrester et al., 2012;
Herrmann and Bauhus, 2013; Mackensen, et al., 2003; Russell et al.,
2014; Seibold et al., 2021). However, higher average temperatures and
more open canopy conditions might result in novel extreme temperature
conditions exceeding the physiological tolerance of deadwood organ-
isms (Maynard et al., 2019; Stokland et al., 2012). This might have
consequences on the species diversity patterns in deadwood but also on
the related ecosystem processes (e.g., decomposition) via metabolic
constraints. On the other hand, previous studies found evidence that the
community composition of species that substantially contribute to the
decomposition of deadwood (fungi and beetles) differ between open and
closed canopies under current conditions (Krah et al., 2018; Seibold
et al., 2016). This indicates that different deadwood decomposer com-
munities are associated with different microclimate conditions (Boddy
and Heilmann-Clausen, 2008; Fukasawa, 2021). Thus, if moisture is not
limiting, decomposition rates might increase in future and hence boost
the carbon and nutrient cycle in temperate forest (Crockatt and Bebber,
2015; Eichenberg et al., 2017). However, moisture might become a
limiting factor in future and hence, decomposition rates might decrease
(Oberle et al., 2018; Seibold et al., 2021).

4.2. Limited effects of deadwood amount, diameter, position and tree
species on deadwood temperature

Variables aside from canopy cover had minimal impact on deadwood
temperature. The amount of deadwood in our models showed weak
negative effects on object mean temperature in June and July (Table 1)
while the monthly models based on aggregated daily values did not
indicate any effect of the amount of deadwood on mean temperature
(Table S3). This contradicts our expectation that a higher deadwood
amount would lead to a higher temperature in an object due to lower
albedo and higher water storage (Cherubini et al., 2012). We are aware
that sample size for the predictor deadwood amount was unbalanced in
our setting. However, since heteroscedasticity in our models was low,
we conclude that the effect of deadwood amount on deadwood tem-
perature is negligible at the scale of our study. This is in line with
findings of Klicken oder tippen Sie hier, um Text einzugeben.Thom et al.
(2020)Klicken oder tippen Sie hier, um Text einzugeben., Klicken oder
tippen Sie hier, um Text einzugeben.Haughian and Frego (2017) and
Kovécs et al. (2017), who could not identify any impact of deadwood on
surrounding air temperature of the forest stand. Further studies are
needed that disentangle potential thermal absorbing effects of various
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amounts of deadwood relative to other factors which might affect forest
microclimate conditions at stand scale, such as understory vegetation
and soil structure (e.g. soil color).

The diameter of deadwood objects had also only minor effects on
internal deadwood temperature. We expected that a larger object would
be characterized by greater thermal inertia, which would result in
different temperatures depending on the diameter of the object. We
found only a non-significant tendency for slightly higher medians of the
minimum temperature in larger diameter objects in the growing season
based on the plotted raw values without controlling for other con-
founding factors (Fig. S5). One explanation for the weak effects, we
observed could be that only deadwood with generally larger diameter
(coarse woody debris) was considered in our study. Even though the
diameter of our objects varied considerably (19-47 cm), most objects
had >30cm in diameter (>65 %). In the study by Pouska, et al. (2016),
who found that temperature stability increased with diameter, the range
of diameter was 10-103 cm. Therefore, variability of diameters among
our studied objects might be too low to reveal significant effects.
Further, temperature in our study was consistently measured at a stan-
dard distance of 5 cm below the object surface, specifically at the
cross-section end. Measures at this standard depth might have received a
stronger influence of the surrounding air temperature on
within-deadwood temperature far overlaying effects of diameter vari-
ability. Indeed, Walczynska and Kapusta (2017) found that the mini-
mum temperature inside stumps increased with horizontal depth, while
temperature variation decreased during winter. This indicates that the
depth of measurement is crucial for determining the deadwood objects’
temperature buffering capacity in relation to the environment. More
studies are needed in which temperature sensors should be set up at
different positions and depth in deadwood while considering a broad
range of diameter classes and environmental conditions.

Across our models, we found no support that uplifted objects have
significantly higher temperatures than objects lying on the ground, even
though the raw data indicated some differences (Fig. S6). This contrasts
with the study by Lindman et al. (2022) who demonstrated that standing
deadwood (snags) was warmer than lying deadwood. The different re-
sults might be explained by the exposure to radiation, that is, a complete
vertical position in the study by Lindman et al. (2022) versus still hor-
izontally oriented uplifted position in our study. Furthermore, Lind-
mann et al. (2022) reported that downed logs can be covered by
near-ground vegetation which protects them from direct sunlight. In our
setting, we experimentally standardized our plots which did not lead to a
difference in vegetation cover between lying and uplifted objects. Thus,
sunlight reached lying and uplifted objects in a similar way, which might
also explain these contrasting results.

Temperatures were significantly lower in fir than in beech deadwood
during warmer months (July, August) and in the growing season
respectively meteorological summer (Table 1, Table $3,4). As we have
not measured physical properties or other object characteristics like
deadwood surface structure (e.g., bark cover and color), we can only
speculate about the observed differences. One explanation could be the
different physical properties of Angio- and Gymnosperms (Weedon
etal., 2009). In general, fir wood is less dense than beech wood (Petritan
etal., 2023). As density affects the thermal conductivity (Suleiman et al.,
1999), the lower density of fir deadwood might absorb and store less
heat than the denser beech deadwood. Furthermore, the color (i.e.,
lightness) of bark and wood (if partly or completely debarked, e.g., due
to decomposition) can vary between tree species and thus determine the
absorption of thermal energy via differences in albedo. The color of
wood might also be affected by the fungal communities that colonized
the deadwood. For example, white rot fungi produce light colors as
cellulose, which appears white, remains after lignin decay (Fukasawa,
2021). By contrast, brown rot wood appears darker as lignin remains
after cellulose decay (Fukasawa, 2021). Both beech and fir can be
characterized by white and brown rot fungi and the prevalence of fungal
species with specific decay characteristics depend on numbers of factors
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