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ZUSAMMENFASSUNG 

Der globale Klimawandel beeinflusst Waldºkosysteme sowohl direkt (z. B. durch 

Temperaturanstieg) als auch indirekt (z. B. durch Stºrungsereignisse wie Windwürfe). Diese 

Veränderungen wirken sich auf die Struktur und Prozesse von Waldökosystemen aus, 

einschließlich Totholz, das wichtige Lebensräume bietet und zentrale Ökosystemfunktionen 

unterstützt. Der Abbau von Totholz spielt eine entscheidende Rolle bei der Regulierung von 

Kohlenstoff- und Nährstoffkreisläufen in Wäldern. Dieser Abbau wird jedoch durch ein 

komplexes Zusammenspiel zwischen Umweltbedingungen und holzabbauenden Organismen 

beeinflusst. Klimawandelbedingte Störungen wie Windwürfe führen, sofern das 

Forstmanagement das Holz nicht entfernt, zu einer Zunahme von Totholzmenge und -vielfalt, 

während sie gleichzeitig durch den Baumkronenverlust das Mikroklima im Bestand verändern. 

Diese Veränderungen können die Zersetzung von Totholz und damit verbundene Prozesse 

beeinflussen. Studien haben gezeigt, dass das Mikroklima ein wichtiger Faktor ist, dass sowohl 

die Abbaurate als auch die Artzusammensetzung der Zersetzergemeinschaften direkt 

beeinflussen kann. 

Dennoch bestehen erhebliche Wissenslücken beispielsweise darüber, wie Umweltvariablen auf 

Bestandes- und Objektebene die innere Totholztemperatur und damit möglicherweise auch die 

Besiedlung und Aktivität von Zersetzern, wie totholzzersetzende Pilze, beeinflussen. Zwar ist 

bekannt, dass das Mikroklima auf Bestandsebene die Vielfalt holzzersetzender Pilze 

beeinflusst, jedoch sind die Folgen langfristiger mikroklimatischer Veränderungen auf die 

Sukzession von Pilzgemeinschaften weitgehend unbekannt. Ebenso ist das Zusammenspiel 

zwischen abiotischen Faktoren, Pilzdiversität und deren kombinierter Einfluss auf 

Zersetzungsprozesse bislang unzureichend verstanden. Die meisten Studien untersuchten bisher 

die Effekte von Umweltparameter oder Pilzdiversität auf Totholzzersetzung isoliert und 

vernachlässigten dabei die indirekten Effekte der Umwelt auf die Beziehung zwischen 

Pilzdiversität und Zersetzung. Zur Schließung dieser Wissenslücken analysierte ich Daten eines 

Langzeit-Totholzexperiments, dass 2011 im Nationalpark Bayerischer Wald eingerichtet 

wurde. 

Im ersten Teil meiner Dissertation untersuchte ich, wie Faktoren auf Bestandesebene 

(Baumkronenöffnung, umliegende Totholzmenge) und Objektebene (Baumart, 

Totholzdurchmesser, Position) die innere Temperatur von Totholz beeinflussen. Die 

Kronenbedeckung erwies sich als der wichtigste Faktor: In offenen Beständen waren während 

der Vegetationsperiode (Mai-Oktober) Tagesmitteltemperatur und Tagesmaximumtemperatur 
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höher, während die Tagesminimumtemperatur niedriger war als in geschlossenen Beständen. 

Im Winter (November-April) führten offene Bestände zu niedrigerer Minimumtemperatur im 

Totholz. Insgesamt lag die mittlere Jahrestemperatur im Totholz unter offenen Baumkronen um 

etwa 1 ÁC (Mittelwert) bzw. 5 ÁC (Maximum) hºher und etwa 2 ÁC (Minimum) niedriger als 

unter geschlossenen Baumkronen. Die weiteren Faktoren hatten schwächere und weniger 

konsistente Effekte auf die Temperatur. Diese Ergebnisse deuten darauf hin, dass die 

klimawandelbedingte Zunahme von Windwürfen und die dadurch verursachten 

Kronenstörungen die Temperaturverhältnisse im Totholz verändern und somit die 

Lebensbedingungen totholzzersetzender Pilze sowie die damit verbundenen Abbauprozesse 

beeinflussen könnten. 

Im zweiten Teil analysierte ich, wie sich das Mikroklima auf Bestandesebene auf die 

Sukzession und die Zusammensetzung der Artengemeinschaft von fruchtkörperbildenen 

Pilzarten auswirkt. Über einen Zeitraum von zehn Jahren konnte eine zunächst ansteigende, 

später abnehmende Diversität an Arten beobachtet werden, wobei der Rückgang unter offenen 

Baumkronen deutlicher ausfiel. Die Zusammensetzung der Artengemeinschaften unterschied 

sich zwischen offenen und geschlossenen Baumkronen und blieb über die zehn Jahre relativ 

stabil, wobei etwa 25 % der Pilzarten ausschlieÇlich unter einer der beiden 

Baumkronenbedingungen vorkamen. Diese spezialisierten Arten besiedelten jedoch weniger 

Totholzobjekte als Arten, die in beiden Bedingungen auftraten. Die Ergebnisse deuten darauf 

hin, dass die Sukzession der totholzzersetzenden Pilze eine gewisse Resilienz gegenüber 

mikroklimatischen Veränderungen zeigt, vermutlich durch artspezifische Toleranzen oder 

Spezialisierungen. 

Im dritten Teil der Dissertation analysierte ich, inwiefern Umweltbedingungen und 

Pilzdiversität die Abnahme von Totholzdichte (Proxy für Zersetzung) beeinflussen. Dabei 

wurden sowohl die direkten Einflüsse der Pilzdiversität und der Umwelt auf die Zersetzung als 

auch die indirekten Effekte der Umwelt über den Einfluss auf die Pilzdiversität getestet. Es 

zeigte sich, dass Baumart und Kronenbedeckung die stärksten Prädiktoren für die 

Zersetzungsrate waren. Dabei zersetzte sich Buchenholz stärker als Tannenholz, und in offenen 

Beständen war der Abbau größer als in geschlossenen. Obwohl Umweltfaktoren die 

Pilzdiversität beeinflussten, war der direkte Einfluss der Pilzdiversität auf die Zersetzung 

schwach und inkonsistent zwischen den Baumarten und Erhebungsmethoden. Diese 

Erkenntnisse deuten darauf hin, dass die Zersetzung von Totholz sowie die damit verbundenen 

Kohlenstoff- und Nährstoffkreisläufe maßgeblich durch klimawandelbedingte Störungen und 
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forstwirtschaftliche Maßnahmen beeinflusst werden, insbesondere durch Störungen der 

Baumkronen und die Auswahl der Baumarten. 

Zusammenfassend belegen die Ergebnisse, dass Kronenöffnungen maßgeblich die innere 

Totholztemperatur beeinflussen und die Zersetzungsprozesse beschleunigen können, was 

langfristig zu einer Reduktion der Kohlenstoffspeicherung und einer verstärkten 

Kohlenstofffreisetzung führen könnte. Obwohl sich die Pilzgemeinschaften insgesamt als 

relativ widerstandsfähig erwiesen haben, hängen sowohl deren Vorkommen als auch die 

Totholzzersetzung stark von der Verfügbarkeit von Feuchtigkeit ab ï ein Faktor, der unter 

zunehmender Dürrehäufigkeit insbesondere in offenen Beständen kritisch werden könnte. 

Künftige Forschung sollte daher verstärkt die Wechselwirkungen zwischen Feuchtigkeit und 

Temperatur auf Ebene einzelner Totholzobjekte sowie deren gemeinsame Effekte auf die 

Diversität und Funktion von Zersetzergemeinschaften berücksichtigen.
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SUMMARY  

Global climate change affects forest ecosystems directly (e.g., via temperature increase) and 

indirectly (e.g., via disturbances such as windthrows). These changes affect forest ecosystem 

structures and processes, including deadwood, which provides critical habitats and supports key 

ecosystem functions. Deadwood decomposition is essential for regulating carbon and nutrient 

cycles in forest ecosystems. However, it is influenced by a complex interaction between 

environmental conditions and wood-decaying organisms. Climate change-induced 

disturbances, such as windthrows, increase deadwood quantity and heterogeneity when not 

salvage logged, while altering stand microclimate through canopy loss. These changes can 

profoundly affect deadwood decomposition and related processes. Among these, microclimate 

emerges as a critical factor, with previous studies demonstrating its capacity to directly 

influence decomposition rates and decomposer community composition. Nevertheless, 

considerable knowledge gaps persist regarding how environmental variables at both the stand 

and object scales impact the internal deadwood temperature, thus potentially influencing 

colonization and activity of decomposers, such as deadwood-inhabiting fungi. Although it is 

well established that microclimatic conditions at the stand scale can shape the diversity of 

deadwood-inhabiting fungi, the consequences of sustained microclimatic shifts on fungal 

succession remain largely unknown. Furthermore, the interplay between abiotic factors, fungal 

diversity, and their combined effects on decomposition dynamics is poorly understood. Most 

studies have examined environmental parameters or fungal diversity in isolation, often 

neglecting the direct and indirect effects of the environment on fungal diversity-decomposition 

relationships. To address these knowledge gaps, I analyzed data from a long-term deadwood 

experiment established in 2011 in the Bavarian Forest National Park. 

In the first part of my dissertation, I examined how stand-scale factors (canopy openness, 

surrounding deadwood amount) and object-scale factors (tree species, deadwood diameter, 

deadwood position) affect internal deadwood temperature. Canopy cover emerged as the most 

important factor influencing deadwood temperature. During the growing season (May-

October), daily mean and maximum temperatures of deadwood objects were significantly 

higher, while daily minimum temperatures were lower, in open canopies compared to closed 

canopies. In winter (November-April), open canopies resulted in lower daily minimum 

temperatures. These temperature differences were significant, with annual mean and maximum 

temperatures in open canopies being approximately 1 °C and 5 °C warmer, respectively, and 

minimum temperatures being about 2 °C colder, compared to closed canopies. 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 significant effects observed in a few months. These 

results suggest that, under climate change, increasing windthrows could alter internal deadwood 

temperatures, potentially affecting habitat conditions for deadwood-decomposing organisms 

and related ecological processes. 

Second, I analyzed how canopy-mediated 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 and subsequently decreased, with a 

more pronounced decline under open canopies. Despite these changes in diversity, community 

dissimilarity between canopy treatments remained largely stable, with approximately 25 % of 

fungal species exclusive to either open or closed canopies. Species exclusive to open or closed 

canopies were found on fewer deadwood objects compared to those occurring in both canopy 

conditions. These results suggest that fungal succession on deadwood is relatively resilient to 

changes in canopy cover due to species specialization or tolerance. 

Third, I investigated factors influencing deadwood decomposition, focusing on how 

environmental variables and fungal diversity contribute to deadwood density loss after 10 years 

of decomposition. I addressed the previously mentioned knowledge gap by explicitly testing 

simultaneously the 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 showed higher density loss compared to fir logs, and deadwood in 

open canopies exhibited higher decomposition than in closed canopies. Although 

environmental factors influenced fungal diversity, the direct effects of fungal diversity on 

decomposition were weak and inconsistent across tree species and sampling methods. These 

findings suggest that deadwood decomposition and the associated carbon and nutrient cycles 

are largely shaped by climate-induced disturbances and forest management practices, 

particularly canopy disturbance and tree 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 communities showed 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 
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understand the resilience of these communities and the long-term 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 cover approximately 31 % of the global terrestrial land area (FAO, 2020). 

They provide a wide range of ecosystem services, including climate regulation, carbon 

sequestration, soil stabilization, water retention, support of biological diversity (Krieger, 2001), 

and human recreation (Meyer et al., 2019). However, global climate change significantly affects 

forest ecosystems and ecosystem services at various scales due to increasing atmospheric CO2 

concentrations, which alter mean annual temperatures and precipitation patterns (IPCC, 2023). 

These alterations challenge the stability of the environmental parameters to which tree species 

are evolutionarily adapted, as their ecological niches are defined by specific interactions 

between environmental (e.g., climatic) and biological (e.g., habitat structure, competition) 

conditions (Pocheville, 2015). They are long-living organisms that are not able to change their 

location, and it is unlikely that they will be able to track the rapid changes in future climate 

conditions (Aitken et al., 2008; Corlett and Westcott, 2013). Thus, tree species are especially 

vulnerable to climate change, potentially leading to maladapted forest ecosystems (Maciver and 

Wheaton, 2005). Furthermore, current forest management with monocultures and harvested 

deadwood up to 90 % of the potential deadwood volume due to intensified utilization, pest 

control, or biofuels further leads to less resilient forest ecosystems naturally (Stokland et al., 

2012). This is particularly evident in the fact that forest ecosystems are poorly adapted to the 

indirect effects of climate change, such as increasing disturbance events such as droughts, 

windthrows, pest infestations (e.g., bark beetles), and fires (Seidl et al., 2014; Turner, 2010).  

These future disturbance events might exceed the range of natural disturbance variability and 

increase in both frequency and intensity (Millar and Stephenson, 2015; Seidl et al., 2017; Senf 

et al., 2018), which makes disturbed areas particularly vulnerable to further disturbances due to 

their low resilience (Buma, 2015; Johnstone et al., 2016; Paine et al., 1998). Thus, recovery of 

forest canopies to pre-disturbance conditions might exceed several decades. Windthrows are 

the most prevalent disturbances affecting forest ecosystems in Western and Central Europe 

(Senf and Seidl, 2021). They increase tree mortality, leading to an accumulation of dead trees, 

which serve as an essential biological legacy when not salvage-logged for pest control (Bässler 

et al., 2016). Additionally, windthrows enhance the structural complexity and spatial 

heterogeneity of forests by contributing deadwood of various diameter classes (logs and 

branches) and positions (lying or uplifted) (Priewasser et al., 2013; Ruel, 1995; Swanson et al., 

2011). 
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The resulting deadwood is essential for water and nutrient storage, supports soil development, 

and contributes to the global carbon cycle by storing, exchanging, and regulating carbon 

dynamics (Forrester et al., 2012; Pichler et al., 2012). Globally, deadwood accounts for 

approximately 8 % of forest carbon stocks (Pan et al., 2011). As deadwood decomposes, carbon 

is transferred to forest soils (BğoŒska et al., 2019), though this process can take years to decades 

depending on various factors (Hararuk et al., 2020). However, during decomposition, 

deadwood is a biodiversity hotspot, with approximately 25 % of forest-dwelling species relying 

on deadwood, either indirectly, through interactions with wood-decomposing organisms at 

various stages of their life cycles, or directly, as a habitat or food source by feeding on bark, 

phloem, or wood (Parisi et al., 2018; Siitonen, 2001; Stokland et al., 2012). Those species are 

defined as saproxylic species (Stokland et al., 2012). The most important wood decomposers 

are fungi, bacteria, and invertebrates (Begon et al., 2006; Cornwell et al., 2009).  

Overall, the decomposition of deadwood is influenced by complex interactions between 

environmental variables and saproxylic diversity that vary across temporal and spatial scales. 

Studies have shown that climate (macro- and microclimate), tree species identity, related wood 

characteristics, and wood-decomposing organisms affect deadwood decomposition 

(Erdenebileg et al., 2020; Jacobs and Work, 2012; Janisch et al., 2005; PŚ²vŊtivĨ et al., 2016; 

Seibold et al., 2016b; Shorohova and Kapitsa, 2014). However, despite these insights, important 

knowledge gaps remain. While macroclimate refers to regional climate patterns, forest 

microclimate describes the local, small-scale 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 and object-related factors 

influencing microclimate at this finer scale remain poorly understood. At both the stand and 

object scales, microclimatic conditions shape the immediate abiotic environment of deadwood, 

defining the niches and thus the colonization and activity of wood-decomposing organisms. 

While the influence of stand-scale microclimate on wood-inhabiting fungal communities, 

which are key deadwood decomposer (Boddy and Watkinson, 1995), is evident (e.g., Krah et 

al., 2018, further details in Chapter 1.2), its role in driving species succession, an essential 

process in decomposition, remains poorly understood. Additionally, the roles of environmental 

factors, wood-inhabiting fungal diversity, and their intricate interdependence in 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 the ecology of wood-
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decomposing fungi and the environmental factors influencing deadwood decomposition. This 

framework aims to identify and clarify the remaining knowledge gaps and guide further 

investigation. 

1.1 Forest microclimate and internal deadwood temperature in a changing climate 

In undisturbed forest ecosystems, which are characterized by a three-dimensional canopy 

structure, the local microclimate is moderated through processes such as evapotranspiration, 

shading, and air mixing (Zellweger et al., 2020). Intact canopies buffer macroclimate 

conditions, leading to more stable climatic conditions within forest stands. This effect depends 

on factors such as stand structure (e.g., tree species, age) and mortality events (Thom et al., 

2020; Zellweger et al., 2020). Although the buffering capacity of canopy cover is influenced by 

temporal fluctuations in macroclimatic conditions as well as local stand and site characteristics 

(Rita et al., 2021; Thom et al., 2020), the buffering effect functions in both directions: during 

winter, temperatures under an intact forest canopy are higher, while in summer, temperatures 

are lower compared to the macroclimate. This buffering effect can range from 1 °C up to 7 °C 

(De Frenne et al., 2019; Zellweger et al., 2024). However, canopy loss due to disturbances (e.g., 

windthrows, forest management) directly influences the local microclimate by reducing the 

buffering capacity and leading to more open canopies (Schmidt et al., 2017). Canopy openings 

are generally characterized by increased sunlight penetration, reduced moisture contents, and 

greater temperature fluctuations, with lower minimum and higher maximum temperatures 

across both daily and annual cycles (De Frenne et al., 2021; Magnago et al., 2015; Thom et al., 

2020; Zellweger et al., 2020). 

Since temperature is one of the most critical predictors of biological processes (Clarke, 2017), 

understanding the factors at both stand- and object-scale that influence internal deadwood 

temperatures is essential. Studies 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 canopies (Lindman et al., 2022; Romo et al., 2019). For instance, 

in pine deadwood, the average maximum temperature during summer months was 

approximately 5-6 °C higher in open canopies than within pine stands (Romo et al., 2019). 

More broadly, climate change not only directly increases temperatures but also indirectly 

intensifies canopy disturbances, which reduce the microclimatic buffering capacity of the 

canopy and increase canopy openness. A crucial first step in understanding the implications for 

deadwood and, consequently, ecosystem processes is to analyze the internal deadwood 

temperatures under varying 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 absorption, as their low albedo enhances heat retention (Cherubini 

et al., 2012). For instance, snowmelt studies have shown that deadwood increases local 

temperatures, capturing more radiation potentially due to the black body effect (Ġt²cha et al., 

2010), accelerating snowmelt rates (Marangon 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 of deadwood on forest 

microclimate (Kovács et al., 2017; Thom et al., 2020), but it remains uncertain whether 

surrounding deadwood influences the internal temperature of deadwood. 

At the scale of an individual deadwood object, the internal temperature may be influenced by 

several factors. The diameter of the objects influences internal deadwood temperature, with the 

internal average minimum temperature of logs increasing from the surface to the center, while 

temperature variability decreases with depth (Romo et al., 2019; WalczyŒska and Kapusta, 

2017). Thus, deadwood temperature stabilizes with increasing diameter (Pouska et al., 2016). 

However, the influence of diameter on deadwood temperature 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.g., 

with a root plate), or lying branches and logs (Swanson et al., 2011). Standing deadwood tends 

to be warmer than downed wood due to greater solar exposure (Hutchison and Matt, 1977; 

Lindman et al., 2022). In addition, increased soil contact in downed deadwood can increase 

moisture content (Jaroszewicz et al., 2021), potentially cause localized cooling (Pouska et al., 

2016). Furthermore, differences in decay stages between standing and downed deadwood may 

also affect water retention and temperature regulation of deadwood objects (Uhl et al., 2022). 

Thus, the degree of soil contact of a deadwood object may play a crucial role in shaping its 

internal temperature dynamics. Beyond external characteristics such as diameter and position, 

species-specific physical and chemical properties inherent to the deadwood (Lombardi et al., 

2013; Pietsch et al., 2014; Weedon et al., 2009) may also influence internal temperature by 

affecting heat retention and thermal conductivity. This raises the question of whether tree 

species with varying physico-chemical characteristics exhibit different internal temperatures 

under similar environmental conditions. This dissertation aims to address the knowledge gap 

regarding internal deadwood temperature by analyzing the contribution of individual 

environmental and object-scale factors within the complex hierarchy of scales that influence 

deadwood temperature, which may, in turn, affect the occurrence of key decomposer species. 
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1.2 Effect of different microclimatic conditions on wood-inhabiting fungal 

diversity patterns 

Wood-inhabiting fungi are key decomposers of deadwood (Boddy and Watkinson, 1995). They 

are organisms with a modular structure, characterized by mycelium, a complex network of 

hyphae, which grows in and is specifically adapted for the efficient exploitation of the substrate 

(deadwood) (Baldrian, 2017; Nagy et al., 2017). Many species produce multicellular fruiting 

bodies, which serve as the basis for spore production in sexual reproduction (Nagy et 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 substrate (Krah et al., 2021; Kües and Liu, 

2000; Luo et al., 2021). For example, fungi exhibit higher enzymatic activity as temperatures 

increase, but only up to a critical threshold where protein denaturation begins (Boddy et al., 

2014). Similarly, the moisture content of the substrate plays a crucial role in fungal fruiting 

body growth, with constrained moisture levels, whether too low or too high, negatively 

affecting growth (Boddy et al., 2014). Thus, wood-inhabiting fungi are ectotherms, i.e., 

organisms regulating their body temperature primarily through external thermal conditions. 

Consequently, microclimate defines the thermal niche of wood-inhabiting fungi, influencing 

their community composition (Lennon et al., 2012; Maynard et al., 2019) and their metabolic 

rates, which is the rate at which an organism converts chemical energy stored in food sources 

into usable energy, including enzymatic activity related to wood decomposition (Magan, 2008). 

Thus, changes in forest microclimate directly influence wood-inhabiting fungal diversity (Krah 

et al., 2018; Lindhe et al., 2004; Müller et al., 2020; Vogel et al., 2020). 

Krah et al. (2018) found in a real-world experiment that the richness of wood-inhabiting fungi 

was slightly higher, though not significantly, under closed canopies compared to open canopies. 

Additionally, the fungal composition differed significantly between closed and open canopies 

for deadwood of two tree species in this study (Krah et al., 2018). Although, fungal diversity is 

influenced by environmental conditions which shift with both decomposition and time, our 

understanding of the succession of wood-inhabiting fungal species, both in general and under 

contrasting microclimate and thus canopy conditions, remains limited. Recent studies mainly 

focused on the early years and stages of decay (Krah et al., 2018; Lindner et al., 2011), did not 

explicitly analyze fungal succession (Perreault et al., 2023), focused on a subset of fungal taxa 

(Norberg et al., 2019), or surveyed different decay stages across separate deadwood objects 

rather than tracking succession on the same objects (Hart et al., 2024; Holec et al., 2020; Holec 
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and Kuļera, 2020; Jomura et al., 2022; Lepinay et al., 2021). Thus, the effects of permanent 

microclimate changes in forest ecosystems on the succession of wood-inhabiting fungal species 

on deadwood remain largely unknown. Studies 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., 2013). Species succession is influenced by the species 

composition of the initial colonizers, endophytic fungi in living trees (Parfitt et al., 2010), and 

opportunistic species (Boddy, 2001), causing priority effects. Since wood-inhabiting fungal 

species undergo succession during deadwood decomposition (Lepinay et al., 2021), and 

moisture and temperature are critical factors influencing fungal growth (Boddy and Heilmann-

Clausen, 2008; Brabcová et al., 2022), differences in microclimate can be expected to affect 

species richness and community composition across successional stages. For example, if 

species that colonize at different time points vary in their tolerance to warmer temperatures, 

this could lead to a decline in species that are less heat-tolerant due to physiological constraints. 

Thus, differences in the successional patterns of wood-inhabiting fungal species diversity may 

potentially impact ecosystem processes such as decomposition (Barbé et al., 2020; Maynard et 

al., 2019). Analyzing the effect of closed and open canopies on fruiting species richness and 

community composition helps clarify how disturbances that create open canopies influence 

fungal species succession. This, in turn, can indicate how disturbances affect subsequent 

changes in decomposition processes. 

1.3 Complex relationship between fungal diversity and environmental factors 

influencing deadwood decomposition rates 

In general, deadwood decomposition involves a complex interaction between environmental 

conditions and wood-inhabiting fungal diversity. On a stand-scale, microclimatic conditions are 

the main factor defining deadwood decomposition rates. Deadwood decomposes faster under 

open canopies than under closed canopies (Janisch et al., 2005; Shorohova and Kapitsa, 2014), 

likely due to mechanisms such as photodegradation (George et al., 2005; Li et al., 2016), 

physical stress (e.g., cracks), leaching, and weathering (Fravolini et al., 2018; Harmon et al., 

1986; Russell et al., 2015; Zhou et al., 2007). Furthermore, disturbance legacies such as higher 

amounts of surrounding deadwood may directly influence decomposition rates by potentially 

modifying microclimatic conditions (see Chapter 1.1). The species-energy theory may further 

explain the potential effects of deadwood amount in the surroundings on decomposition through 

species diversity. It suggests that an increase in available chemical energy and habitat area 
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(deadwood volumes) leads to higher individual numbers and higher species diversity (Schuler 

et al., 2015; Srivastava and Lawton, 1998; Wright, 1983). Additionally, the deadwood 

heterogeneity in the surroundings, such as variations in the composition of different tree species 

and deadwood sizes (such as fine woody debris (FWD) and coarse woody debris (CWD)), may 

also indirectly influence decomposition processes. According to the habitat heterogeneity 

hypothesis, a greater variety of habitats can promote higher species diversity (MacArthur and 

MacArthur, 1961). Thus, deadwood heterogeneity may positively influence the abundance and 

diversity of saproxylic species (Seibold et al., 2016b). Therefore, an increased amount of 

surrounding deadwood and greater structural diversity may influence decomposition rates by 

promoting decomposer diversity. 

At the object scale, deadwood decomposition is influenced by tree species identity, with 

angiosperm wood tending to decompose more rapidly than gymnosperm wood (Herrmann et 

al., 2015; Kipping et al., 2022; Weedon et al., 2009), primarily due to species-specific 

differences in chemical and morphological traits (Kahl et al., 2017). Traits such as higher 

nitrogen and phosphorus content, which are more common in angiosperms, enhance 

decomposition, whereas higher concentrations of lignin and phenols, typical of gymnosperms, 

tend to inhibit it (Kahl et al., 2017; Weedon et al., 2009). These differences are most pronounced 

during the early stages of decomposition and tend to diminish over time (Oberle et al., 2020). 

However, the relative importance of tree species compared to other environmental 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 restricted to either gymnosperms or angiosperms, and generalist species occurring on 

both (Müller et al., 2020; Purahong et al., 2018). However, wood-inhabiting fungi are the most 

efficient decomposers in temperate and boreal forests (Gómez-Brandón et al., 2020; Perreault 

et al., 2023), utilizing a wide array of extracellular enzymes (e.g., ligninolytic enzymes, 

Arnstadt et al. (2016)) and using other non-enzymatic strategies (e.g., hydroxyl radicals) to 

degrade all wood components (Goodell et al., 2017). However, the relationship between the 

diversity of wood-decaying fungi and decomposition is not straightforward. Some studies have 

found positive effects between the number of fungal species and decomposition, suggesting 

facilitative interactions such as niche complementary (e.g., Kahl et al. (2015); Lustenhouwer et 

al. (2020)), while others have reported negative effects, indicating antagonistic interactions such 

as competition (Fukami et al. (2010); Leonhardt et al. (2019); Perreault et al. (2023); Fukasawa 

and Matsukura (2021)). Recent research suggests that community composition might be a more 
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reliable predictor than species richness (Hoppe et al., 2016; Pietsch et al., 2019; Yang et al., 

2024). Additionally, the prevalence of dominant species provides a better explanation for 

deadwood decomposition than diversity measures that treat all species equally (Kipping et al., 

2024). Consequently, incorporating advanced diversity metrics that account for species 

abundance, such as Hill numbers, could provide deeper insights into the relationship between 

fungal diversity and decomposition processes (Chao et al., 2016). However, the relationship 

between fungal diversity and decomposition rates is complex, and a recent study emphasized 

that inconsistencies in the fungal-decomposition relationship among real-world studies might 

be caused by an ignorance of environmental factors that affect deadwood decomposition 

directly and indirectly via diversity (Runnel 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 decomposition are still lacking. 
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2 OBJECTIVES  

The overarching objective of this dissertation is to gain an in-depth understanding of the effects 

of changing environmental conditions on deadwood processes and their interaction with 

associated wood-inhabiting fungal diversity. Central to this work is the role of forest stand-

scale microclimate variation, particularly contrasting closed versus open canopy cover, as a 

driver of biotic and abiotic processes within deadwood. It aims to provide knowledge needed 

to support the development of recommendations for deadwood management in forests in the 

context of climate change, aiming to preserve key ecosystem services, such as carbon 

sequestration during deadwood decomposition, related abiotic and biotic processes, and 

saproxylic species diversity. To achieve this, an experimental approach was employed using 

data from a large-scale real-world experiment in the Bavarian Forest National Park. The 

research specifically concentrates on the following three objects: 

In a first step, I investigated how stand-scale environmental variables (canopy cover, amount 

of deadwood in the immediate surroundings) and object-scale characteristics (tree species 

identity, object position, and object diameter) influence internal temperature within deadwood 

logs (Figure 1, Objective 1). This analysis aims to disentangle the contributions of these 

hierarchical factors on the daily mean, minimum, and maximum temperatures of deadwood at 

both monthly and seasonal scales. The results may provide a foundation for future research on 

how climate change-induced changes at the stand- or object-scale affect internal deadwood 

temperature, potentially leading to shifts in deadwood-dwelling species and ecological 

processes. 

In the second part, I examine how 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 stages of decay (Figure 1, Objective 2). For this purpose, I calculated the 

treatment-based alpha and beta diversity, utilizing 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 species (further explanations see Chapter 3.2.2). 

This complements the first part of this dissertation by linking forest stand microclimate to long-

term patterns in wood-inhabiting fungal diversity and provides a more comprehensive 

understanding of how fungal species perform under different microclimatic conditions during 

succession. 

Finally, the environmental stand-scale variables from Objective 1 (canopy cover, amount of 

deadwood in the immediate surroundings) were augmented by the heterogeneity of deadwood 
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in the immediate surroundings and fungal alpha and beta diversity (based on fruit body and 

metabarcoding data), to test the direct (environment and decomposer diversity) and indirect 

effects (environment via decomposer diversity) simultaneously on the decomposition of 

deadwood logs. I used deadwood density loss as a proxy for deadwood decomposition. Similar 

to Objective 2, and to increase inferences, I applied the Hill framework to test diversity effects 

while accounting for species abundance (Figure 1, Objective 3). The results offer a deeper 

understanding of deadwood decomposition rates by unraveling the complex interactions 

between stand-scale factors and wood-inhabiting fungal diversity that influence decomposition. 

The following research questions are guiding this dissertation: 

I) How do stand- and object-scale factors affect internal temperature dynamics in 

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

II)  How do contrasting microclimatic conditions affect wood-inhabiting fungi's 

successional trajectory and diversity patterns on deadwood? 

III)  How do stand-scale environmental factors and wood-inhabiting fungal diversity 

directly and environmental factors indirectly affect deadwood density loss via fungal 

diversity?  



Objectives 

11 

 

Figure 1: Concept figure of the three objectives of this dissertation. The first study addresses the effect of different stand-scale 

(canopy cover, deadwood amount in the surrounding) and object-scale (tree species, object position, object diameter) variables 

on within-deadwood temperatures (mean, minimum, and maximum) to achieve Objective 1. The second study addresses the 

succession of wood-decaying fungal fruit body diversity on deadwood logs and branches from two tree species under both 

closed and open canopy conditions over 10 consecutive years, aiming to achieve Objective 2. The third study addresses the 

direct effects of the environment and fungal diversity, and indirect effects (environment via wood-inhabiting fungal diversity) 

on deadwood decomposition (using density loss as a proxy) after 10 years of deadwood succession to achieve Objective 3.
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3 MATERIAL S AND METHODS 

The three research questions of this dissertation could be investigated using a real-world 

deadwood experiment in the Bavarian Forest National Park, in southeastern Germany, which 

was established in 2011. Within this experiment, I can simultaneously investigate the effects of 

possible future environmental conditions in forest stands on 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 processes, and wood-inhabiting fungal diversity compared to field 

surveys. The following section gives a brief overview of the Bavarian Forest National Park and 

the experimental setup.  

3.1 Study area 

3.1.1 Bavarian Forest National Park 

The Bavarian Forest is a mountain range, located in southeastern Germany (48°54'N, 13°29'E), 

which became partly a national park in 1970 with a current size of ca. 24,000 hectares at 

elevations from 650 to 1450 m a.s.l. (Bässler 2004). Climate conditions vary with altitude, with 

mean annual temperature (MAT), ranging from 3.5 °C to 7.0 °C (1972-2001), and the mean 

annual precipitation (MAP), ranging from 1,300 to 1,900 mm per year (Bässler, 2004). The 

growing season in the Bavarian Forest with the highest species activity, including deadwood-

dependent species of beetles and fungi, spans roughly between May and October (Bässler et al., 

2015; Krah et al., 2018; Lettenmaier et al., 2022; Seibold et al., 2016a). In elevations lower than 

1,100 m, mixed montane forests dominated by Norway spruce (Picea abies (L.) H. Karst), 

European beech (Fagus sylvatica L.), and Silver fir (Abies alba Mill. ) occur. In higher 

elevations (> 1,100 m), the high mountain forests are dominated by spruce and a lower amount 

of beech and Mountain Ash (Sorbus aucuparia L.) (Bässler 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 zone (Bässler et al., 2010; Müller et al., 2008). 

3.1.2 Large-scale deadwood experiment 

In 2011, a large-scale deadwood experiment was conducted in the management zone of the 

Bavarian Forest National Park. The description of the experiment is based on the description of 

Krah et al. (2018) and Seibold et al. (2016b). The experiment was established on 180 plots with 

a size of 0.1 ha arranged in a random block design in five different sites (blocks) across the 
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management zone. Deadwood was harvested using chainsaws from stands with similar 

conditions (e.g., elevation, age, tree species composition). Overall, ca. 7,400 deadwood objects 

of four different types were deposited: logs (CWD, diameter: 20-50 cm, length: 5 m) and 

branches (FWD, diameter: 3-5 cm, length: 2-3 m) of beech and fir. Each plot contains either 

FWD or CWD, or a combination of both, and either beech or fir, or both (Seibold et al., 2016b), 

establishing three levels of deadwood heterogeneity: low, medium, and high. The lowest 

heterogeneity included one of four substrate types (fir FWD, fir CWD, beech FWD, or beech 

CWD). Intermediate heterogeneity included one tree species with both diameter classes (fir 

CWD and fir FWD or beech CWD and beech FWD) or both tree species with one diameter 

class (fir and beech CWD or fir and beech FWD). The highest heterogeneity included both tree 

species and both diameter classes. The calculated deadwood heterogeneity index is based on 

Siitonen et al. (2000) and applied in several studies (e.g., Seibold et al., 2016b). Half of the 

plots had a low volume of deadwood (8 branches of ca. 0.2 m³/ha or 4 logs amounting to 

approximately 10 m³/ha), while the other half had a high volume of deadwood (80 branches of 

ca. 2 m³/ha or 40 logs of ca. 100 m³/ha). In each site, each combination of deadwood 

heterogeneity and amount was created twice. Half of the plots (19) were established under 

closed canopies, while the other half were placed under open canopies, as canopy cover serves 

as a proxy for microclimate (Vodka et al., 2009). The open canopies resulted from clearings 

where all living and dead trees were removed, and annual mowing maintained the openness of 

the plots. Previous studies showed significant temperature differences on deadwood surfaces 

between open and closed canopies within the same experiment (Krah et al., 2022; Müller et al., 

2020). In August 2018, they measured the surface temperatures of 136 logs using an infrared 

thermal sensor, finding notable differences in LiDAR penetration rate and temperature between 

the canopy types, indicating varying radiation availability near the ground (Müller and Vierling, 

2014). 

3.2 Data sampling, preparation, and statistical analyses 

To achieve the objectives of the thesis, various data were measured and/or sampled within the 

large-scale deadwood experiment. The following provides an overview of the sampling 

methods and the statistical analyses. All data preparation and statistical analyses were 

conducted using R 4.3.0 (R Core Team, 2023). For a more detailed description, please refer to 

the method sections in the manuscripts (Manuscripts 10.1, 10.2, 10.4). 
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3.2.1 Objective I: How do stand- and object-scale factors affect internal temperature dynamics 

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

3.2.1.1 Study design and data sampling 

In twelve plots of the large-scale deadwood experiment, located in four of the five sites, the 

internal deadwood temperature was 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 amounts (178.12 

m³/ha on average). Three to five beech and/or fir deadwood objects (logs (CWD), diameter: 19-

47 cm, mean: 32 cm, length: 5 m) in various positions were randomly selected on each plot to 

balance the number of objects across the plots. These logs were either lying on the ground or 

uplifted, stacked over other logs with less than 50 % soil contact. In total, the experiment 

included 26 logs in open canopies and 24 logs in closed canopies, comprising 25 beech and 25 

fir logs. Of these, 23 were elevated and 27 had complete soil contact.  

Temperature measurements, inside the wood sub-surface layer of the 50 deadwood objects, 

were conducted in a 15-minute interval by colleagues (see Chapter 8) from May 19th, 2016, to 

October 31st, 2019, using Pt100 resistance thermometers connected to data loggers (MINILOG-

T6, Fiedler AMS, Ļesk® BudŊjovice, Czech Republic). Each log had one thermometer placed 

in the cross-section (in uplifted logs, the uplifted cross-section was used), positioned 5 cm 

below the surface and 10 cm deep inside the log. In uplifted logs, thermometers were inserted 

into the upper ends, and at each measuring point, the log diameter was measured. This approach 

allowed for comparison with other studies, and temperature measurements at this depth have 

been shown to significantly correlate with saproxylic diversity (Pouska et al., 2016; Pouska et 

al., 2017). 

3.2.1.2 Data preparation 

First, I harmonized temperature data for the three years and cleaned it from potentially 

unrealistic values, which I compared with temperature data from a nearby meteorological 

station (Waldhäuser). Second, I calculated the daily mean, minimum, and maximum 

temperatures from the cleaned 15-minute values. Furthermore, based on these data, I identified 

thermometers, which were most likely covered with snow during wintertime based on 

temperature thresholds, with daily maximum and daily minimum temperatures remaining 

constant or not exceeding certain thresholds, which were adapted from the ómyClimô package 

in R (Man et al., 2023). I removed detected snow days when the Waldhäuser and Großer Rachel 

meteorological stations also recorded snow on the respective date. In all years, January 
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consistently had a high number of snow days, therefore, I omitted January from the analysis. 

Due to this procedure and the temporary failure of some data loggers, I could use the data from 

June-December in 2016, February-November in 2017, February-December in 2018, and 

March-October in 2019. 

3.2.1.3 Statistical analysis 

I applied multivariate linear mixed-effect models (lme function within the R package ónlmeô 

(Pinheiro and Bates, 2000)) to test simultaneously the influence of stand-scale variables 

(canopy cover, surrounding deadwood amount) and object variables (diameter, position, tree 

species) on the mean, minimum and maximum temperature inside deadwood based on daily 

data, both on monthly and season level. Seasons were defined i) biologically, based on 

biodiversity survey data, as the period with the most species activity (May-October, see Section 

3.1.1), and winter time (November-April) , and ii) meteorologically: spring (March-May), 

summer (June-August), autumn (September-November), and winter (December-February) 

(Deutscher Wetterdienst, 2024), to enable comparison with similar studies. In addition to the 

explanatory variables (canopy cover, surrounding deadwood amount, object diameter, object 

position, tree species), I included the mean annual temperature of the respective years (2016-

2019) from the nearby meteorological station Waldhäuser as a covariate. Canopy cover (open 

vs. closed), surrounding deadwood amount (high vs. low), position (lying vs. uplifted), and tree 

species (beech vs. fir) were initially included as factorial predictors. Since the deadwood 

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

low categories, I treated the deadwood amount as a continuous variable. However, it is 

important to note that the results of the analysis remained robust when the deadwood amount 

was treated as a factorial predictor. As a result, the final continuous predictors used in the 

models were deadwood amount and log diameter, which were standardized using z-

transformations. All response variables followed a normal distribution, and collinearity among 

the predictors was low (r < |0.04|). I included óplot within siteô as a random effect to account 

for the nested study design. Additionally, first-order autocorrelation was addressed using the 

corAR1 function within the R package 'nlme' to account for potential temporal autocorrelation 

in consecutive temperature measurements within the linear mixed-effects models. I used the 

Durbin-Watson statistics (DurbinWatsonTest within the R package óDescToolsô (Signorell et 

al., 2021)) to validate how the autocorrelation term within the models reduces the temporal 

autocorrelation. For interpreting the results, I used descriptive plots based on the raw values 

(see supplementary materials of Manuscripts 10.1) and the full model output. I reported the t-

values (calculated as the predictor estimate divided by its standard deviation, representing a 
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type of signal-to-noise ratio) to allow for a direct comparison of the effects among predictors 

while accounting for data variability. Additionally, I derived the marginal R², representing the 

variance explained by the fixed effects, using the r.squaredGLMM function from the óMuMInô 

R package (Barton, 2024). 

The Durbin-Watson statistic still indicated a weak temporal autocorrelation (Draper and Smith, 

1998; Durbin and Watson, 1950). In response, I 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 Organization (Anderson and Gough, 

2018). This rule ensured no more than five missing daily values or three consecutive missing 

daily values within a month (World Meteorological Organization, 2017). I calculated monthly 

averages of daily mean, minimum, and maximum temperatures of each log, and monthly linear 

mixed effect models were applied using the lmer function in the R package 'lme4' (Bates et al., 

2015), with annual temperature in the offset argument to account for the annual difference in 

mean, minimum and maximum temperature and plot nested within site as a random effect. 

These models confirmed the robustness of the daily models' inferences with weak temporal 

autocorrelation. However, I report the results from both modeling approaches to reduce 

potential bias in interpreting the model with daily resolution. While my monthly data span 

multiple years, I did 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 bias. Addressing this, I also modeled each month of each 

year separately, based on the available data, which confirmed the results of the overall models. 

Consequently, I reported the models for each month and season based on all available data 

across the years. 

3.2.2 Objective II: How do contrasting microclimatic conditions affect wood-inhabiting fungiôs 

successional trajectory and diversity patterns on deadwood? 

3.2.2.1 Study design and data sampling 

For this study, I used fruit body data from 36 plots of the large-scale deadwood experiment, 

replicated in 5 sites (blocks) across the study area. Half of the plots were under closed canopies 

(18) and the other half under open canopies (18). Within the 18 plots, various combinations of 

deadwood tree species and types (CWD and FWD) were used to capture deadwood 

heterogeneity. Across all plots and canopy treatments, a total of 240 logs (5 blocks *  2 tree 

species *  24 logs) and 480 branches (5 blocks * 2 tree species * 48 branches) were placed on 
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the forest floor. Seven deadwood objects were excluded from analysis due to the loss of the 

objects (branches) or because their labels could not be found (stolen or broken off). 

3.2.2.2 Fruit body inventories 

Fungal fruit body inventories were conducted every autumn (September/October, the main 

season of fruit body development (Halme and Kotiaho, 2012)) by observing visible fruit bodies 

on deadwood. I used fruit body data from all years of the experiment (2012-2021) and both 

deadwood types (logs and branches). Logs were divided into seven segments for effective and 

non-redundant 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 to 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 MycoBank (Crous 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. After 10 years, 

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

3.2.2.3 Data preparation 

First, I calculated fungal alpha and beta diversity using incidence-frequency, which is defined 

by the number of dead wood objects occupied by a species. This measure was computed for 

each canopy treatment and combinations of tree species and deadwood size, both across sites 

and for each site separately. Despite some limitations in data for individual sites, consistent 

patterns emerged, leading me to present results across all sites. 

In this study, I used the Hill numbers approach, which is widely used in community ecology 

research (Ellison, 2010; Hill, 1973). Hill numbers calculate diversity as óeffective number of 

equally abundant speciesô, allowing to varyingly emphasize species abundances via an 

exponent q, on a unified scale, increasing interpretability (Chao et al., 2014b). Specifically, I 

used the Hill number of order q=0, which corresponds to species presence/absence and 

emphasizes rare species with low frequencies, reflecting species richness. The Hill number of 

order q=1 corresponds to exponential Shannon diversity, representing the effective number of 

common species, while the Hill number of order q=2 corresponds to inverse Simpson diversity, 

representing the effective number of dominant species. I estimated the alpha diversity of fungal 

fruiting communities using the iNEXT function in the R package 'iNEXT' (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). Thus for beta diversity, I analyzed community dissimilarities 

using species similarity indices between open and closed canopies for each tree species and 

year with the SimilarityPair function within the R package 'SpadeR' (Chao et al., 2016). The 

calculated Chao-Sørensen index (q=0) assigns equal weight to all species, emphasizing rare 

ones. The abundance-based Horn index (q=1) assigns more weight to common species based 

on their abundance. Lastly, the abundance-based Morisita-Horn index (q=2) is sensitive to 

dominant species and minimizes the influence of rare species (Chiu and Chao, 2014). I 

calculated similarities using theses indices and then converted these to dissimilarity values (1- 

estimated similarity values, ranging from 0 for equal communities to 1 for completely different 

communities). Each estimate included a 95 % confidence interval based on 100 bootstraps. 

3.2.2.4 Statistical analysis 

First, I conducted generalized additive models (GAMs) using the function gam within the R 

package 'mgcv' (Wood, 2015), to test how alpha diversity responded to closed and open 

canopies over time. This approach captures potential non-linear responses, which may be 

expected due to species accumulation. I did not include interactions between canopy and tree 

species, treating tree species as study replicates. I also fitted linear models (LMs), using the 

function lm within the R package 'stats' for comparison. 

First, I modeled alpha diversity as the response variable, with canopy openness and time (years) 

as predictor variables, using fewer knots (k=3) than the default in GAMs due to convergence 

issues. A second GAM included an interaction term between time and canopy treatment to 

detect divergent patterns over time. Both models were repeated for each tree species, wood size, 

and Hill number (q). A significant interaction indicated differing slopes between closed and 

open canopies over time. I also interpreted non-overlapping 95 % confidence intervals to 

identify trends of differences between canopy treatments each year, while interpreting trends 

cautiously due to potential non-significance. Linear models were used to test interaction terms 

more robustly. I 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 autocorrelation. I focused on the p-values for the interaction term to 

determine the marginal effect of the canopy-time interaction. 

Second, to test if dissimilarity between treatments changed over time, I used GAMs with 

dissimilarity as the response variable and time as the predictor variable, adding the Hill series 

q as a grouping factor. This analysis was repeated for each tree species and deadwood type (logs 
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and branches). I interpreted the overall dissimilarity range of the slope as the dissimilarity 

between open and closed canopies, with values < 0.5 indicating low dissimilarity. I also 

calculated a linear model and a posthoc test using the function TukeyHSD within the R package 

óstatsô to compare pairwise dissimilarity means for rare, common, and dominant species, 

applying Bonferroni corrections where necessary on the interpretation of p-values, by 

considering significant only those with p-values < 0.016 due to multiple testing along the Hill 

series with three levels (i.e., 0.05/3). 

3.2.3 Objective III : How do stand-scale environmental factors and wood-inhabiting fungal 

diversity directly and environmental factors indirectly affect deadwood density loss via 

fungal diversity? 

3.2.3.1 Study design and data sampling 

For this study, thirty-six plots of the large-scale deadwood experiment in the Bavarian Forest 

National Park were selected in four sites, across the study area (ca. 48 km², minimum distance 

between sites: 2.4 km), with half under closed and half under open canopies. 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 Section 3.1.2). The plots contained an overall high amount of FWD and 

CWD (on average: 165.87 m³) with considerable ranges from 103.37 m³ to 231.35 m³. Although 

the amount of deadwood was not fully standardized across my study 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 Log disc sampling and wood density measuring 

On each plot, I randomly selected one deadwood log, either beech or fir. On six plots, I selected 

two logs (one beech and one fir), resulting in a total of 42 logs across all plots. In total, I selected 

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

For each of the 42 logs, the first 10 cm of the 5-meter 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 (Memmert U40) at 65 °C 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 depended 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 significantly affect 

the density loss estimates. 

Each sub-sample was first weighed to determine its dry weight. Then, wrapped in a standardized 

amount (8 cmĮ) of ParafilmÈ, its volume was measured using the ñvolume displacement 

methodò. The density (”) was calculated by dividing the dry weight (ά) by the volume (ὠ) (” 

= άùὠ). The average density of the sub-samples was calculated for each log disk, and the 

percentage of density loss was determined using the following formula: 

ὨὩὲίὭὸώ ὰέίίρππ 
ʍ

ὸ ὨὩὲίὭὸώ
ρzππ 

Where óʍô is the average density of the log disks and ót0 densityô refers to literature values of 

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 DNA sampling for metabarcoding 

Fungal fruit body inventories were conducted as described in Section 3.2.2.1. However, in this 

study, I used fruit body data from the experiment from the years 2012, 2013, 2015, 2018, and 

2021 and only data from deadwood logs. 

Deadwood intended for next-generation sequencing analysis of the fungal community was 

sampled using a cordless drill in the same years as the fruit body inventory (2012, 2013, 2015, 

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 stored in a sterile plastic bag. Samples 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 (Macherey-Nagel, Germany) (see details: Baldrian et al., 2016; Brabcová et al., 2022). 

PCR amplification of the fungal ITS2 region was performed for microbial community analysis 

using barcoded gITS7 and ITS4 primers (Ihrmark et al., 2012). Amplicon libraries were 

prepared with the TruSeq DNA PCR-Free Kit (Illumina) and sequenced on the Illumina MiSeq 

(2 × 250-base reads) (see details: Brabcová et al., 2022). 

Amplicon sequencing data were processed using SEED 2.1.1 (VŊtrovskĨ et al., 2019). Paired-

end reads were merged (Aronesty, 2013), the ITS2 region was extracted (Bengtsson Palme et 

al., 2013), and Chimeric sequences were detected and deleted (Edgar, 2010). Sequences were 

clustered using UPARSE implemented within Usearch (Edgar, 2013) at a 97 % similarity level, 
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and the most abundant sequences were identified using BLASTn against UNITE 9 (Nilsson et 

al., 2019). If the best hit exhibited less than 97 % sequence similarity and less than 95 % 

coverage, only the best genus-level match was assigned. Species-level 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 on Põlme et al. (2020). Fungal OTUs not assigned to a genus with 

known ecophysiology remained unclassified. The term "species" is used for both identified 

species from fruit body inventory and fungal OTUs, acknowledging that 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. I calculated the abundance of the fruit body community 

matrices as the sum of log segments occupied by each species. For the metabarcoding data, I 

determined abundance based on the number of reads, including only samples (logs in a given 

year) with a total read sum greater than 1,000 reads. I chose to analyze the data yearly because 

fungal communities are known to change throughout succession (Frankland, 1998; Fukami et 

al., 2010; Lepinay et al., 2021). 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 be critical to explaining 

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, I conducted meta-analyses across the yearly models. Additionally, 

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

communities. 

In this study, I also used the Hill number approach (see Chapter 3.2.2.3) to estimate species 

diversity based on a standardized sample coverage for each log and year, utilizing the estimateD 

function within the R package óiNEXTô (Hsieh et al., 2016). I used species richness (q=0), the 

exponential Shannon diversity index (q=1), and the inverse Simpson diversity index (q=2). To 

assess beta diversity, I calculated coverage-based dissimilarities along the Hill series for all 

community matrices using the iNEXTbeta3D function within the R package 'iNEXTbeta3Dô 

(Chao et al., 2023). The Hill numbers used for these calculations are based on the diversity 

indices described in Chapter 3.2.2.3. 
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3.2.3.5 Statistical analysis 

I first analyzed all environmental variables to evaluate the relative importance of canopy cover, 

surrounding deadwood heterogeneity, surrounding deadwood 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, while deadwood amount and heterogeneity in 

the surroundings were standardized (z-transformed) continuous predictors. Since prior studies 

suggest that tree species strongly influence fungal alpha and beta diversity (Baber et al., 2016; 

Krah et al., 2018; Rieker et al., 2022), I 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. 

I conducted structural equation models (SEMs) using the sem function within the R package 

ólavaanô (Rosseel, 2012) to analyze alpha and beta diversity separately. SEMs assessed both the 

direct effects of environmental factors 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 and 1) was arcsin-transformed for normal 

distribution, and species alpha diversity (used as both a response and predictor) was log10-

transformed. For beta diversity, I performed Principal Coordinates Analyses (PCoA) for each 

species dissimilarity matrix of each Hill number, using the cmdscale function within the R 

package óstats.ô I used the species scores of the first two PCoA axes, representing community 

composition, as predictors without further transformation. I applied SEMs to each annual 

combination of sampling method and diversity index (q0, q1, q2). These analyses covered both 

alpha diversity (estimated species diversity) and beta diversity (community composition). To 

account for the nested design, I incorporated the site as a predictor in all models. 

I synthesized the results across years by performing meta-analyses on the outputs of the annual 

alpha and beta SEMs. Using the metagen function within the R package ómetaô (Schwarzer et 

al., 2015), I combined the estimates and standard 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. 

I assessed the robustness of the SEM models by applying additional single models. (i) For 

deadwood density loss, I conducted beta regression models (beta-distributed data: 0,1) using 

the gam function within the R package ómgcvô, specifying with the argument 

family = betar(link = 'logit'). The same predictors as in the SEMs were included, with the site 

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 within the site as a random effect led to 

singular fits due to the small sample size. Since model performance was similar, I reported 

results using the site as the random effect. (ii) I also conducted linear mixed-effects models 

using the lmer function within the R package ólmerTestô (Kuznetsova et al., 2017). Here, fungal 

diversity was the response variable, environmental variables were predictors, and site was 

included as a random effect. To normalize the data, I log10-transformed estimated species 

diversity (alpha diversity) and used raw scores from the first two PCoA axes for beta diversity, 

as they were normally distributed. These models were applied separately for each annual 

combination of sampling method and diversity index (q0, q1, q2). 

As a final step, I aggregated communities across years by summing species abundances. For 

metabarcoding data, I used incidence data, where OTU abundance was based on the number of 

years it appeared in the dataset since read counts do not reflect true species abundances. Before 

aggregation, I 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 incidence and abundance estimates.  
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4 SYNOPSIS OF THE MAIN RESULTS AND DISCUSSION 

4.1 Objective I: How do stand- and object-scale factors affect internal 

temperature dynamics in deadwood, and do their contributions differ between 

monthly and seasonal scales? 

In general, the recorded highest mean daily internal deadwood temperature was 31.42 °C in 

August 2017, while the lowest was -10.12 °C in February 2018. During these months, the 

extreme temperatures included a minimum of -17.31 °C (February 2018) and a maximum of 

49.65 °C (August 2017). The analyses of environmental factors (canopy cover, surrounding 

deadwood amount) and object-scale factors (tree species identity, diameter, position) 

influencing the internal deadwood mean, minimum, and maximum temperatures revealed that 

canopy cover had the strongest overall effect on deadwood temperatures, whether examined at 

monthly or seasonal levels. 

At the monthly level, deadwood logs in open canopies were characterized by higher daily mean 

temperatures (June-August, on average +2 °C) and maximum temperatures (May-September, 

on average +6.39 °C), as well as lower daily minimum temperatures (February-November, on 

average -2.08 °C) compared to those in closed canopies (Figure 2). However, the models based 

on monthly aggregated data (used as a sensitivity analysis to account for temporal 

autocorrelation observed in the models based on daily resolution, see Section 3.2.1.3) did not 

support these effects for minimum temperatures in February, March, and May (Table 1). In 

October and December, daily mean and in December daily maximum temperatures were 

significantly lower in open compared to closed canopies. 

 

Figure 2: Boxplots of daily a) mean, b) minimum, and c) maximum temperatures inside deadwood logs under open 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 caused by the high number of days with snow cover 

(see Section 3.2.1). Adapted from Schreiber et al. (2025a) (Manuscripts 10.1). 
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In addition to canopy cover, the surrounding deadwood amount influenced daily mean 

temperatures negatively in June and July. Tree species identity also affected deadwood 

temperature, with fir deadwood showing lower daily mean temperatures (June-August, on 

average -0.96 °C) and lower daily maximum temperatures in August compared to beech 

deadwood (Figure 2). However, the effects of deadwood amount and tree species identity were 

not supported by models based on monthly aggregated data (Table 1). 

The seasonal models, which divided the years into a growing season (May-October) and a 

winter season (November-April), also highlighted canopy cover as the most important factor 

influencing deadwood temperature. Daily mean and maximum temperatures were significantly 

higher in open canopies (+1.12 °C) during the growing season, and for daily maximum 

temperatures, also during the winter season (+1.87 °C) (Figure 2). However, the effect on daily 

maximum temperature was stronger during the growing season (+5.05 °C). Daily minimum 

temperatures were significantly lower in open canopies compared to closed canopies in both 

seasons (winter: -1.80 °C, growing season: -2.81 °C) (Figure 2, Table 1). Additionally, in the 

growing season, fir deadwood had lower daily mean and maximum temperatures, and daily 

maximum temperatures were also significantly lower on plots with high surrounding deadwood 

amounts (Table 1).



 Synopsis of the main results and discussion 

  

2
6 

Table 1: T-values (predictor estimate divided by SD) of the a) monthly and b) seasonal models testing stand- and object-scale factors on deadwood 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 or 

object diameter. 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. 

Values in bold represent significant effects (*: p<0.05, **: p<0.01, ***: p<0.001). The marginal R² represents the explained variance by the fixed effects (stand- and object-scale variables) in 

each model. Models are based on the years 2016-2019. Seasons were defined based on biological data of the study area (see Section 3.2.1.3). Note that January is not shown due to unreliable 

data caused by the high number of days with snow cover. Adapted from Schreiber et al. (2025a) (Manuscripts 10.1). 

  
Canopy  

(reference ñopenò) 
Deadwood amount Object diameter  

Position  

(reference 

ñupliftedò) 

Tree species  

(reference ñfirò) 
Marginal R² 

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

M
o

n
th

 

2 -1.95 -2.49* -1.25 1.06 1.9 -0.21 -0.77 -0.74 -0.74 -0.39 -1.37 1.32 -0.79 -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 1.31 0.71 -0.3 1.39 0.88 0.5 -0.98 -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**  -0.4 -0.21 0.1 1.41 -0.44 1.8 0.36 1.31 -2.66**  -0.8 -1.42 0.14 0.23 0.25 

7 4.12**  -3.57* 4.24**  -2.68* -0.28 -0.03 -0.18 0.89 -0.55 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 0.56 -0.92 -0.52 -1.73 0.05 0.16 0.18 

10 -2.51* -4.33**  0.4 0.15 -0.04 -1.25 2.14* 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 0.55 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 -1.59 -0.29 -0.09 -1.45 0.93 0.08 0.12 0.05 

b)                    

S
e

a
s
o

n 

Winter 

Nov-Apr 
0.3 -7.73***  2.91* -0.75 0.73 -0.91 -0.17 0.11 -0.33 -0.55 -1.35 -0.5 -1.18 -1.78 -0.65 0.06 0.14 0.07 

Growing 

season 

May-Oct 

6.57***  -9.87***  20.47***  -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 
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4.1.1 Canopy cover as the main driver of internal deadwood temperature 

Across all months and seasons, canopy cover was the main driver of internal deadwood 

temperature, with a generally greater variation in microclimates in open canopies, with lower 

minimum temperatures and higher maximum temperatures during the growing season. These 

effects can be explained by the buffering capacity of temperatures of intact and closed forest 

canopies (De Frenne et al., 2019; Thom et al., 2020; Zellweger et al., 2020). The intact forest 

canopy shelter the ground from solar radiation (Graham, 1925; Lindman et al., 2022) and 

mitigates temperature extremes 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 leaf-on phase (summer) than in the leaf-off phase (winter) 

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

canopies reduce minimum temperatures in winter, indicating year-round buffering effects. 

The strong 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 temperatures in the future. 

Thus, on the one hand, higher temperature can increase heterotrophic respiration and thus 

deadwood decomposition (Forrester et al., 2012; Herrmann and Bauhus, 2013; Mackensen et 

al., 2003; Russell et al., 2014; Seibold et al., 2021), which will be discussed in more detail in 

Chapter 4.3, and on the other hand higher and more extreme temperatures might exceeding the 

physiological tolerance of deadwood organisms (Maynard et al., 2019; Stokland et al., 2012). 

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 wood-decomposer species (beetles and fungi) differs between open and closed 

canopies under current conditions (Krah et al., 2018; Seibold et al., 2016b), indicating that 

decomposer communities are associated with different microclimatic conditions (Boddy and 

Heilmann-Clausen, 2008; Fukasawa, 2021). With increasing temperatures, decomposition rates 

could increase in the future, thereby enhancing the carbon and nutrient cycles in temperate 

forests (Crockatt and Bebber, 2015; Eichenberg et al., 2017), however, moisture may become 

a limiting factor in the future due to alternated precipitation patterns, potentially reducing 

decomposition rates (Oberle et al., 2018; Seibold et al., 2021). 
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4.1.2 Minor effects of deadwood amount, diameter, position, and tree species on internal 

deadwood temperature 

The surrounding deadwood amount showed only weak negative effects on deadwood 

temperature, contradicting my assumption, that higher deadwood amounts lead to higher 

internal deadwood temperature due to a lower albedo (Cherubini et al., 2012). I acknowledge 

that the sample size for the predictor variable, deadwood amount, was unbalanced in this study. 

However, given the low heteroscedasticity in the models, I conclude that the effect of deadwood 

amount on deadwood temperature is negligible at the scale of this research. This is in line with 

previous studies, which also found no significant effect of deadwood amount on the surrounding 

air temperature in forest stands (Haughian and Frego, 2017; Kovács et al., 2017; Thom et al., 

2020).  

Deadwood diameter only showed weak and non-significant tendencies for slightly higher 

minimum temperature in objects with larger diameters in the growing season, when raw data 

was plotted (see supplementary materials of Manuscripts 10.1). I expected that larger objects 

would exhibit greater thermal inertia, leading to variations in temperature based on the object's 

diameter. The weak and non-significant effects may result in the fact that only CWD objects 

were considered in this study. However, the diameter variation of the objects varies 

considerably between 19-47 cm, with more than 65 % of the objects having diameters above 

30 cm. This limited range may not provide enough variability, especially considering that in 

the study by Pouska et al. (2016), which found that temperature stability increased with 

diameter, the diameter range was 10-103 cm. In my study, the temperature was measured 5 cm 

below the surface at the cross-section end. This standard depth likely amplified the influence 

of surrounding air temperature, potentially masking any effects of diameter variability. 

WalczyŒska and Kapusta (2017) found that deeper measurements in stumps increased 

minimum temperatures and reduced variation in winter, emphasizing the importance of 

measurement depth for assessing deadwoodôs temperature buffering. 

Furthermore, the analyses revealed, that deadwood position had no significant effect on internal 

deadwood temperature. This contrasts with the study by Lindman et al. (2022), who found that 

standing deadwood was warmer than lying deadwood. The difference might be explained by 

differences in exposure to radiation, as Lindman et al. (2022) studied vertically standing 

deadwood, while uplifted objects in my study remained horizontal. Additionally, in the study 

by Lindman et al. (2022), lying logs could be covered by near-ground vegetation. In contrast, 

my plots were standardized to eliminate variation in vegetation cover through annual mowing, 
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ensuring that both lying and uplifted objects received similar sunlight exposure, which may 

explain the differing results. 

Lastly, mean temperatures were significantly lower in fir than in beech deadwood during 

warmer months (June - August) and the growing season. Since physical properties or surface 

characteristics (e.g., bark cover or color) were not measured, I can only speculate on the causes. 

It might be that different deadwood temperatures result from differences between angiosperm 

and gymnosperm wood characteristics. Fir wood is generally less dense than beech (Petritan et 

al., 2023), which may explain the lower heat absorption and storage, as less dense wood has 

reduced thermal conductivity (Suleiman et al., 1999). Differences 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 wood color; for instance, white 

rot fungi produce lighter colors as cellulose, which appears white, remains after lignin decay 

(Fukasawa, 2021). In contrast brown rot wood appears darker as lignin persistent after cellulose 

decay (Fukasawa, 2021). Both beech and fir can be affected by white and brown rot fungi, with 

the prevalence of fungal species exhibiting specific decay characteristics depending on various 

factors, such as environmental conditions and stochastic processes (Boddy, 2001; Brabcová et 

al., 2022). Furthermore, differences in physical wood characteristics caused by specific decay 

processes can be related to differences in the water-holding capacity of the deadwood object 

(PŚ²vŊtivĨ and Ġamonil, 2021). Thus, fir may retain more moisture than beech, which could 

buffer temperature extremes in the growing season (Davis et al., 2019). Additionally, 

observations suggest that bryophyte cover was higher on fir, which may enhance moisture 

retention and cooling (Heilmann-Clausen and Christensen, 2005; Pouska et al., 2017). 

However, further research is needed to investigate how deadwood properties, surface structure 

and color changes, and decay processes affect internal temperatures (see Chapter 5.4). 
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4.2 Objective II: How do contrasting microclimatic conditions affect wood-

inhabiting fungiôs successional trajectory and diversity patterns on 

deadwood? 

Over ten years of fungal species succession during deadwood decomposition, colleagues 

identified 486 species across tree species (beech and fir) and deadwood sizes (FWD and CWD). 

Up to 25 % of the species were unique to either the open or closed canopy conditions, while 

more than 50 % were found in both microclimates (Figure 3). For more details, Manuscripts 

10.2 provides additional results highlighting the top two species found exclusively under each 

canopy type or both, along with their incidence frequency over time. It also includes a table of 

species exclusive to each canopy treatment within two-year time windows, identifying the most 

relevant species for each canopy condition. 

 

 

Figure 3: Scaled number of species found either uniquely or shared under the canopy treatment. Adapted from Schreiber et al. 

(2024) (Manuscripts 10.2). 

Although I observed an increasing trend in treatment-based alpha diversity for logs and 

branches of both tree species over time, no significant interaction between time and 

microclimatic conditions was detected. Nevertheless, when response trends and confidence 

intervals were considered, the temporal response of fungal diversity differed between 

microclimatic conditions (Figure 4). In the first years of succession, treatment-based alpha 

diversity of common and dominant species showed similar trends but differed and showed 

diverging trends in later years between both canopies. In later years, common and dominant 

species showed lower alpha diversity in open compared to closed canopies. These trends were 

not shown for rare species, which showed almost non-distinguished trends between open and 

closed canopies. For beta diversity, I detected mostly non-significant 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 
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dominant species. Overall the dissimilarity of rare species between the microclimates was lower 

compared to common and dominant species. 

The lack of clear differences in the treatment-based alpha diversity between closed and open 

canopies aligns with a study by Vogel et al. (2020), which examined diversity patterns of 

saproxylic beetles, wood-inhabiting fungi, and spiders across different microclimates during 

the early decay stages (first four years) of six tree species. Similar to my findings, Vogel et al. 

(2020) reported no significant differences in alpha diversity between canopy treatments for 

beech and fir deadwood. However, in the later stages of succession, I observed emerging trends 

toward differences in alpha diversity between closed and open canopies, which will be 

discussed in the following sections.  
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Figure 4: A: Treatment-based alpha diversity of fungal fruiting communities under closed (black) and open (grey) canopy 

treatments with time in years. B: Treatment-based community dissimilarity of fungal communities between canopies with time 

in years. In both A and B, smooth curves represent generalized additive model (GAM) fits, with error bars showing 95 % 

confidence intervals. Adapted from Schreiber et al. (2024) (Manuscripts 10.2). 
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4.2.1 Fungal fruiting under variable microclimatic conditions 

Fruit body development is influenced by macroclimatic and meteorological factors (Büntgen 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 in fall (Boddy et al., 

2014). Climate warming is shifting fruiting patterns toward longer fruiting seasons (Boddy et 

al., 2014). In an earlier phase (2012-2015) of the same experiment, colleagues and I observed 

that species fruiting in open canopies were more characterized by tougher fruit bodies compared 

to those in closed canopies, presumably as an adaptation to reduce water loss (Krah et al., 2022). 

However, fruit body size showed inconsistent results between lineages, with larger fruit bodies 

of Basidiomycota communities and smaller fruit bodies of Ascomycota communities in open 

canopies. Smaller fruit bodies are hypothesized to dissipate excess heat more rapidly, according 

to the heat-up-cool-down hypothesis, potentially reducing heat stress under open canopies 

(Krah et al., 2022). The third trait that we analyzed, fruit body color lightness, showed 

significant results only for Basidiomycota communities, which produced lighter fruit bodies in 

open canopies on beech deadwood (Krah et al., 2022).  

Notably, I found only one species, Hypholoma marginatum, that produced soft-fleshed fruit 

bodies in open canopies during years 3-4. In later years, no soft-fleshed fruiting species were 

present in open canopies, while several species (Entoloma cetratum, Mycena zephirus, 

Psathyrella obtusata, Pholiota limonella, Simocybe coniophora) continued to fruit with soft-

fleshed bodies under closed canopies. This suggests that environmental conditions in open 

canopies limit the development of fruit bodies with higher water demands. However, further 

analyses are needed to understand the morphological adaptations of fungal fruit bodies under 

different microclimatic conditions (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 substrate. This 

could be investigated by estimating the presence of fungal mycelium using metabarcoding of 

RNA or metatranscriptome analysis. Species with higher read counts from environmental 

sequencing approaches tend to produce many fruit bodies (Ovaskainen et al., 2013). However, 

this study also revealed that some highly abundant species detected through sequencing were 

rarely observed in the fruit body record. Conversely, another study found that certain rare fungal 

species were only detected through fruit body sampling and not through environmental samples 

or metabarcoding (Frøslev et al., 2019). To capture the fullest diversity of species, an ideal 

approach would combine both environmental sequencing and fruit body sampling (Rieker et 



 Synopsis of the main results and discussion 

34 

al., 2024). Fruit bodies form only when the physiological and nutrient conditions of the 

mycelium, along with environmental factors, are suitable (Kües and Liu, 2000). The fruiting 

community likely represents a subset of species present as vegetative mycelium. The observed 

decline in fruiting or species loss in 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 dominance-tolerance 

trade-off (Maynard et al., 2019) among 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 succeed endophytic fungi that inhabit living trees, require strong competitive abilities 

(Hiscox et al., 2015) but may have reduced tolerance to microclimatic fluctuations. As decay 

progresses, later-stage colonizers may need even greater competitive abilities to outcompete 

established species, but their lower environmental tolerance may hinder growth under open 

canopy conditions, which may explain the decline in alpha diversity. 

4.2.2 Microclimatic fluctuations as a driver of fungal diversity 

In my study, I observed lower diversity in later decay stages under open canopies (with more 

fluctuating conditions), but not in early decay stages. A previous study using microcosms 

showed that increasing temperature fluctuations enhanced species richness due to niche 

differentiation (Toljander et al., 2006). My findings partly contrast with this, suggesting that 

microclimatic fluctuations affect species diversity differently across succession stages. Whether 

environmental fluctuation leads to an increase or decrease in diversity is one long-lasting 

question in ecology (Bernhardt et al., 2020; Rashit and Bazin, 1987). For example, Rapoportôs 

rule suggests that species tend to have higher species ranges in northern areas (Stevens, 1989). 

One explanation for this pattern is that species are more adapted to intense seasonality, making 

them more tolerant towards changing conditions or fluctuation on smaller temporal scales. This 

is supported by a study of global soil fungi, which showed that species ranges are larger towards 

higher altitudes (Tedersoo et al., 2014). For fungi, higher phylogenetic diversity has been linked 

to greater thermal seasonality across Europe (Bässler et al., 2022). Environmental fluctuations 

can lead to variable diversity responses across organism groups, with plankton diversity 

decreasing (Gonzalez and Descamps Julien, 2004), while bacteria and wood-inhabiting fungi 

show increased diversity (Nguyen et al., 2021; Toljander et al., 2006). To further investigate 

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

an experiment could examine how established fungal communities respond to sudden shifts 
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from stable to fluctuating conditions, such as transferring communities from closed to open 

canopies across different decay stages. Furthermore, my findings are restricted to temperate 

regions and may not apply to climates with more stable conditions, such as humid tropics. 

Additional experiments in diverse biomes would enhance our understanding. 

However, my results showed that alpha diversity had stronger patterns when common and 

dominant species were considered, compared to rare species. This suggests that rare species 

may be more tolerant of microclimatic fluctuations across successional stages, indicating that 

Rapoportôs rule might primarily apply to dominant species. Additionally, by analyzing both 

FWD and CWD from beech and fir, I found greater divergence in alpha diversity between 

canopy conditions over time, particularly in branches compared to logs. On the one hand, this 

might be the results, because logs and branches harbor significantly different fungal fruiting 

communities when their surface area is standardized (Krah et al., 2018). Thus, fungal fruiting 

communities on branches, which decompose faster and reach advanced decay stages earlier, are 

more sensitive to open canopy conditions. On the other hand, as alpha diversity 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 necessary to further 

illuminate these diversity patterns. 

4.2.3 Deadwood 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. Decomposition occurs faster under open canopies (Griffiths et al., 2021; 

Jacobs and Work, 2012; Janisch et al., 2005; Shorohova and Kapitsa, 2014); however, the 

relationship between fungi and decomposition remains unknown and will be discussed in 

Chapter 4.3. Additionally, the moisture content in deadwood generally increases during 

succession (Pichler et al., 2012; PŚ²vŊtivĨ and Ġamonil, 2021), though this has not been 

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 if the decay stage, rather than time, is used as a predictor, no significant 

diversity differences between canopies might be found. My results showed non-significant 

interactions between decay stage and canopy treatment on alpha diversity, and no significant 

trends in beta diversity (see supplement of Manuscripts 10.2). However, decay rates were not 

directly measured (e.g., via mass loss), but instead assessed using a four-class visual 

classification system for deadwood, which is effective for detecting coarse differences in 
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decomposition (Köster et al., 2015; Sandström et al., 2007) without disrupting the successional 

process. The deadwood objects exhibited considerable variation, with some advancing 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 exceptional timeframe for studying fungal species succession. 

4.3 Objective III: How do stand-scale environmental factors and wood-inhabiting 

fungal diversity directly and environmental factors indirectly affect deadwood 

density loss via fungal diversity? 

After ten years of decomposition, log density loss ranged from 0.04 % to 80 %. Annual models 

and meta-analyses from both sampling methods (fruit body survey and metabarcoding) 

consistently identified tree species as the main driver, with significantly higher density loss in 

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

open canopies compared to closed canopies (Figure 5). 

 

Figure 5: A: Effect size (z-value) of environmental factors on deadwood density loss for alpha and beta diversity (q0 values) 

across each sampling method, determined through meta-analyses based on annual structural equation models. Dashed lines 

indicate the significance thresholds (z-values >|1.96|). B: Raw plots showing density loss for each tree species (yellow: beech, 

blue: fir) under different canopy covers after ten years of decomposition. Adapted from Schreiber et al. (2025b) (Manuscripts 

10.4). 

The results in the following section refer unless explicitly stated otherwise, to the findings of 

the meta-analyses of the annual SEM models. The results of the annual SEM models, the 

models using aggregated data, and the raw data plots referenced in the following paragraphs 

are provided in the supplementary materials in Manuscripts 10.4. 
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4.3.1 Impact 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, with a higher loss under open canopies compared to closed canopies (Figure 

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 sampling 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 in the surrounding significantly influenced the density loss of beech 

logs across all diversity measures (q0, q1, q2) at both alpha and beta diversity levels, for both 

metabarcoding and fruit body data (Figure 6). This effect was evident in raw data and supported 

by both annual models and aggregated data models, except for beech metabarcoding data annual 

models 2015 (beta regression models) and 2021 (SEM). Beech logs on plots with higher 

deadwood heterogeneity showed higher density loss. Deadwood heterogeneity did not have a 

significant effect on the density loss of fir logs. 

The surrounding deadwood amount had no significant effect on density loss of beech logs and 

showed only small, and inconsistent significant effects on density loss of fir logs. Annual 

models indicated that these effects were driven by a single year, while meta-analyses revealed 

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

metabarcoding) or limited to a single year (2013, 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 fruiting species richness of dominant species (q2) reduced density 

loss. For fir logs, higher fruiting species richness of rare and common species (q0, q1) reduced 

density loss (Figure 6). At least one annual model supported these findings, but aggregated data 

models only confirmed effects for fir. Community dissimilarity effects based on the meta-

analysis were not supported by the annual models, except for common species detected via fruit 

bodies on beech logs. 

4.3.2 Effects of environmental factors on fungal diversity 

The meta-analyses identified canopy cover as the main driver of fungal diversity across tree 

species and sampling methods (Figure 6). I observed higher fungal species diversity (rare, 

common, and dominant species) under open canopies on fir logs (metabarcoding) and beech 
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logs (fruit body sampling) (Figure 6), though this effect was weak when focusing on the raw 

plots. Furthermore, dissimilarity of rare (q0) and common (q1) species communities was 

affected by canopy cover, whereas dominant species dissimilarity (q2) was not affected, except 

for communities detected on fir logs via fruit body sampling. These effects were supported by 

most annual models and raw plots. 

Deadwood heterogeneity 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 observed (Figure 6). Furthermore, deadwood heterogeneity showed a significant effect on 

the dissimilarity of dominant species on beech logs (metabarcoding) and fir logs (fruit body 

sampling) (Figure 6). However, these effects were limited to specific years in the annual models 

(LMER and SEM).  

Surrounding deadwood amount weakly increased alpha diversity for rare, common, and 

dominant species in fruit body data on beech logs. By 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 patterns were inconsistent across annual models and not supported by models 

with across years aggregated data or raw plots. Similar inconsistencies were noted for common 

species dissimilarity on beech logs (fruit body sampling) and dominant species dissimilarity for 

fir logs (fruit body sampling). 
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Figure 6: Effect sizes (z-values) of the meta-analyses of structural equation models (SEM) for alpha and beta diversity (Hill numbers: q0, q1, q2). For each tree species (beech, first row a) and 

b); fir second row c) and d)) and sampling method (metabarcoding, first column a) and c); fruit body, second column b) and d)), annual SEMs were meta-analyzed, resulting in effect sizes for 

each diversity measure (model q0, model q1, model q2). Arrows indicate the tested effects of canopy cover, deadwood heterogeneity, and deadwood amount on fungal diversity, as well as their 

direct and fungal diversityïmediated effects on density loss. Upward arrows for deadwood heterogeneity and amount indicate that positive z-values correspond to increases in fungal diversity or 

density loss with increasing predictor values. Beta diversity is represented by the first two principal coordinates analysis (PCoA) axes (first axis: ord1; second axis: ord2). Significant effects 

(|z|>1.96) are in bold; values in parentheses are not significant in at least one year based on the yearly-based SEM analyses and thus not interpreted. 
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4.3.3 Tree species and canopy cover mainly affect deadwood density loss 

The results of my analyses showed that tree species was the main factor explaining deadwood 

density loss, which is in line with the results of studies identifying tree species as a major driver 

of deadwood decomposition (Harmon et al., 2020; Kahl et al., 2017; Kipping et al., 2022; 

Shorohova and Kapitsa, 2014; Weedon et al., 2009). My results align with these previous 

studies, demonstrating higher decomposition rates in angiosperm 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., 2009). Additionally, the structural composition 

of lignin in angiosperms, with its higher proportion of sinapyl moieties, forms less densely 

cross-linked networks than the guaiacyl moieties predominant in gymnosperm lignin, making 

it more susceptible to chemical and 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). My findings confirm that tree species traits outweigh environmental 

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

Next to tree species identity, canopy cover emerged as a key predictor of deadwood density 

loss, ranking second in the overall models and first in tree species-specific models. Consistent 

with previous research, I found higher density losses under open canopies (Harmon et al., 2020; 

Janisch et al., 2005; Shorohova and Kapitsa, 2014). However, in my study, I was able 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 increasing temperature 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 lignin, improving enzymatic accessibility for 

microorganisms and potentially accelerating decomposition (Austin et al., 2016). The 

plausibility of direct mechanisms associated with open canopies is further supported by the 

relatively weak indirect effects mediated 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 below). Discrepancies 

with the study by Janisch et al. (2005), which found minimal canopy effects, might result from 

their focus on early decomposition stages or shading by regrowth vegetation. In contrast, I 

ensured openness by annually mowing to prevent vegetation shading. Additionally, 
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macroclimatic conditions could influence canopy effects (Harmon et al., 2020), and for 

example, moisture availability may enhance or inhibit deadwood decomposition depending on 

whether it becomes a limiting factor (Seidbold et al., 2021). However, the study area is 

characterized by a high level of precipitation, and thus, moisture was likely not a limiting factor 

(see section 3.1.1). 

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 I tested heterogeneity both 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. I can only speculate 

about the mechanism why deadwood heterogeneity in the surroundings increases 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 than beech in my study, and observations suggest that fir retains more 

bark, which appears darker and may absorb more heat than the often-debarked and white rot-

dominated beech logs. Thus, the presence of fir could raise microclimate temperatures and 

accelerate beech density loss for example through 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 density loss 

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 more reliable effects. While 

many studies in the past have explored the relationship between fungal diversity and 

decomposition using chrono-sequence approaches (Rajala et al., 2011; van der Wal et al., 2015; 

Yang et al., 2024), there is still no consensus about the relationship between wood-inhabiting 

fungal diversity and decomposition processes (Runnel et al., 2024). Recent work has called for 

real-world studies that integrate natural fungal communities and a variety of diversity measures 

while accounting for both direct and indirect effects of the environment. With my study, I 

addressed this knowledge gap in biodiversity-ecosystem 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 pool, distinct yet functionally 

redundant communities assemble under specific environmental conditions, consistently 

providing the capabilities (e.g., wood-degrading enzymes) needed for wood decomposition. 

However, this was clearly revealed by my structural equation 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 communities was weakly 

associated to density loss. 

However, my study has limitations. First, I measured deadwood density only after ten years, 

which limits insights into year-to-year decomposition dynamics. However, the data showed up 

to 80 % density loss over this period, indicating a broad range of variability, which allowed me 

to analyze decomposition effectively without the issue of fully decayed logs. Second, I 

calculated density loss using baseline values from the literature since no initial log samples 

were taken at the start of the experiment. While this approach 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 exceptionally low-density loss value (<0.1 %) for a fir log could reflect an 

unusually high initial density due to competitive growth conditions. Third, I used subsamples 

from the edges of logs to assess density loss, which may not fully capture the spatial 

heterogeneity of decomposition within coarse woody debris (Pyle and Brown, 1999). I 

mitigated this by cutting slices from the edges before extracting the final disc and through the 

number of replicates in my study. Finally, I used deadwood density loss as a proxy for 

decomposition, 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., 2018; Lombardi et 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 ecosystems face challenges by current and future climate change due to changes in air 

temperature and precipitation regimes as well as indirect factors such as increased disturbance 

events. These disturbance events are expected to alter microclimatic conditions within forest 

stands due to changes in canopy cover. Current studies have shown that changes in 

microclimatic conditions mainly affect deadwood processes such as decomposition as well as 

related wood-inhabiting fungal diversity (e.g., Shorohova and Kapitsa (2014), Krah et al. 

(2018)). Furthermore, additional stand-scale factors which may change with increased 

disturbance events such as deadwood amount and heterogeneity may change saproxylic species 

diversity (Lassauce et al., 2011; Seibold et al., 2016a; Seibold et al., 2016b) and thus deadwood 

decomposition. However, deadwood decomposition and related biological processes are 

manifold and complex. Thus, this dissertation contributes to disentangling the effects of 

environmental and object-scale factors on ecological processes in deadwood under varying 

microclimate. 

5.1 Microclimate as the primary driver of deadwood processes 

Among all studied environmental variables, the canopy-mediated stand-scale microclimate 

emerged as the most important factor influencing internal deadwood temperature and deadwood 

density loss. Furthermore, microclimate affects the succession and diversity of wood-inhabiting 

fungal species. This overarching pattern highlights the role of microclimatic conditions across 

multiple facets of deadwood processes and gives a comprehensive answer to my research 

questions (Chapter 2). My first study (Chapter 4.1) reveals that canopy cover is the most 

important factor influencing internal deadwood temperature, exceeding other environmental 

variables that may occur or fluctuate following disturbance events. These findings are attributed 

to the buffering capacity of intact canopies. Zellweger et al. (2019) demonstrated seasonal 

trends in microclimatic conditions under deciduous trees compared to areas outside forests, 

highlighting varying contributions of canopy cover, landscape, and topography in explaining 

minimum and maximum temperatures Although my three-year study did not account for 

landscape and topography, it included other stand-scale predictors and supports the observed 

seasonal trends. Notably, it identifies canopy cover as the main driver of internal deadwood 

temperature throughout the entire year (Chapter 4.1). 

My second study (Chapter 4.2) on the succession of wood-inhabiting fungal species supports 

recent findings that microclimate affects wood-inhabiting fungal community composition. 
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However, most recent studies mainly focus on the initial years of deadwood decomposition and 

species colonization (e.g., Krah et al. (2018)). Due to the long-term deadwood experiment (10-

year period), I can show, that after an increase in the first years a decreasing trend in fungal 

species diversity was observed in both open and closed canopies, but with a stronger decrease 

in open canopies (Chapter 4.2). However, the slopes of the diversity versus time relationship 

did not differ significantly between microclimate treatments. Still, the non-overlapping 

confidence intervals in many cases support the overall findings of lower species richness under 

open canopies. Nevertheless, the results lead to the conclusion that the fruiting of the fungal 

community on deadwood is mostly resilient against the predicted increase in canopy loss and 

thus microclimate changes.  

Microclimate was also the major driver of deadwood decomposition processes, both directly 

and indirectly through changes in wood-inhabiting fungal communities (Chapter 4.3). While 

most research has primarily focused on only one of these processes, the interaction between 

decomposer communities and wood decomposition remains highly complex. Jacobs and Work 

(2012) provided initial insights, showing that density loss is influenced by both microclimate 

and decomposer communities. In my study (Chapter 4.3), I took this further by using structural 

equation models to simultaneously test these key relationships, revealing microclimate has the 

strongest direct and indirect effect, via wood-inhabiting fungal diversity, on density loss. 

Overall, my studies show that the microclimate, which can be influenced by disturbances or 

forest management, is the most important factor among the tested variables influencing 

deadwood processes and the associated biological activities. This highlights the need to 

understand how climate change will influence deadwood processes, and how forest 

management strategies can be adjusted accordingly. 

5.2 Impacts of climate change on deadwood processes 

Disturbances are predicted to increase in temperate forests under future climate change. 

Windthrows and further disturbances result in a higher amount of deadwood in forest stands, 

which increases habitats for saproxylic fungi and beetles (Cours et al., 2022). Furthermore, 

windthrows lead to changes in canopy structure and thus changes in microclimate conditions 

affecting deadwood processes. More open canopies lead to an increase in mean temperature 

and more extreme temperatures (higher temperature in summer and lower temperature in 

winter) (Chapter 4.1), resulting in mainly increasing biological processes such as 

decomposition (Chapter 4.3). Thus, increased canopy disturbance and transformation of forest 
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ecosystems towards angiosperm trees, both forced by global warming, might cause higher rates 

of deadwood turnover. Increased decomposition in open canopies can accelerate the release of 

carbon stored in deadwood, potentially reducing carbon sequestration and increasing 

atmospheric carbon release. Which, in turn, could have positive feedback effects on climate 

change and accelerate these processes. However, processes in deadwood are difficult to 

disentangle as drivers are highly correlated. The predicted increase in temperature is connected 

with changes in precipitation regimes leading to an increase in drought events (Coppola et al., 

2021). Thus, an increase in deadwood decomposition with increasing temperature is predicted 

as long as moisture is not limited (Baldrian et al., 2013). Deadwood moisture content is a critical 

variable as it is influenced by various factors such as precipitation, tree species identity, 

shading, ground contact, bark cover, lichen, and bryophyte cover (e.g. Harmon et al., 1986; 

Grifýth and Boddy, 1991; Harmon and Sexton, 1995; Renvall, 1995). Although my findings 

showed that fungal fruiting is largely resilient to microclimatic changes (Chapter 4.2), fungal 

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

high or too low. Consequently, the survival of mycelia and the production of sexual 

reproduction organs (fruit bodies) of fungal species under future precipitation changes and 

prolonged drought events remain poorly understood (Lennon et al., 2012) and should be further 

investigated (more details in Chapter 5.4). 

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., 2003). Since wood-inhabiting fungi are highly specific to their 

host tree species, such shifts in tree species may also alter the distribution of the associated 

fungi, potentially impacting ecosystem functions such as carbon and nutrient fluxes during 

decomposition processes across Europe. However, as these macroclimatic-driven 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 

decomposition and saproxylic diversity patterns in 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 ecological functions. 

Transforming current mostly monoculture stands into mixed stands with climate-adapted tree 

species increases resilience against the impacts of climate change (Bauhus et al., 2017). 

Additionally, structural diversity enhances forest resilience by creating varied microclimatic 
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conditions and microtopography, which can be facilitated through deadwood retention (Wijas 

et al., 2024). Currently, forest microclimates are primarily influenced by disturbance events and 

large-scale logging and thus open conditions, which significantly alter local conditions on stand 

and object scale (Blumröder et al., 2021, Chapter 4.1). My study has shown that key deadwood 

decomposers, wood-inhabiting fungi, are predominantly resilient 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 important to 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 rotation lengths 

to enhance atmospheric carbon sequestration and support stable microclimatic conditions, as 

well as on increasing the quantity and quality of deadwood to improve habitats for biodiversity 

conservation (Oettel and Lapin, 2021, Chapter 4.2). Mixed forest stands, in particular, can 

enhance saproxylic diversity by supporting a broader range of host species. It is crucial to 

maintain and increase the diversity of deadwood within forests, considering factors such as 

varying dimensions, stages of decay, and microclimatic conditions, to support saproxylic 

communities and decomposition trajectory (Lassauce et al., 2011; Müller et al., 2020, Chapter 

4.1-4.3). Consequently, the current pressure on forest ecosystems caused by disturbance events 

and an increase in deadwood could present an opportunity to foster the transition of forest 

ecosystems toward greater resilience. 

5.4 Knowledge gaps and future research directions 

In this dissertation, detailed analyses of within-deadwood temperature dynamics, the succession 

of fungal diversity, and environmental influences on decomposition highlight 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 inevitable. Nonetheless, further research, particularly long-term, real-world 

monitoring, is essential to better understand how these changes will impact the complex 

processes of deadwood decomposition. Given the strong interdependence between temperature 

and moisture content, future studies should prioritize disentangling their interactions, especially 

in the context of macro- and microclimatic influences. Microclimate should be considered in 

future research at both the stand and object scale.  
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At the stand scale, canopy cover is widely recognized as a major factor influencing internal 

deadwood temperature and subsequent decomposition processes (Chapters 4.1 and 4.3). 

However, other stand-scale variables that may shift with ongoing climate change, such as the 

quantity of deadwood due to increasing disturbance events (Patacca et al., 2023), remain 

underexplored. I studied these factors concerning internal deadwood temperature and 

deadwood decomposition, but further research is needed to disentangle factors such as the 

potential thermal absorption of varying deadwood amounts and their interactions with other 

drivers of forest microclimatic conditions beyond canopy cover, including understory 

vegetation, and soil structure. 

At the object scale, further research should explore how deadwood properties, surface structure, 

color changes, and decay processes influence internal temperatures and metabolic rates. Since 

temperature is closely linked to moisture content (Pouska et al., 2016), a critical factor in 

deadwood decomposition and fungal growth, there is a need for more data from simultaneous 

measurements of internal deadwood temperature and moisture content to better understand their 

interaction. Measuring moisture in a heterogeneous log, however, presents challenges, as most 

studies rely on destructive methods, such as analyzing log disks in the laboratory. To address 

this, accurate and practical methods for real-world experiments are needed to measure both 

moisture and temperature in entire deadwood logs under various conditions. Future 

measurements should involve placing sensors at different depths and positions within logs, 

accounting for a wide range of diameters and environmental contexts. In addition to more 

precise measurements of temperature and moisture content, annual or decay-stage-specific 

measurements of deadwood density would enhance our understanding of how environmental 

effects and related diversity influence density loss throughout decomposition. This would 

further improve the findings of my third study (Chapter 3.2.3.2 and 4.3.4). 

Although wood-inhabiting fungal communities are known to respond to microclimatic 

conditions, my study on the succession of fungal fruiting species revealed that community 

dissimilarity between harsh (open canopies) and benign (closed canopies) microclimates 

remains mainly stable over ten years (Chapter 4.2). 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, underscoring the need for long-term fungal 

data sampled under standardized conditions to further illuminate these findings. Furthermore, 

future studies should aim to uncover why, and under what conditions, some fungi produce 

fruiting bodies while others do not. Experiments manipulating fungal communities under both 

stable and variable edaphic conditions could help test how interspecific competition between 
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tolerant, early-colonizing species and more competitive, later-stage colonizers influence fungal 

growth in harsh microclimates. Additionally, despite successful fruiting in specific 

environments, there is still limited understanding of the morphological adaptations and 

environmental cues that regulate fungal 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 understanding of fungal mycelial 

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 insights into how fungal communities 

decompose wood, future studies should apply diverse methods to characterize active 

communities (e.g., via RNA analysis) and assess the actual abundance and functional 

performance of fungal individuals (e.g., using proteomics) in deadwood under specific 

environmental conditions. Moreover, the effects of microclimatic changes, particularly 

droughts, on bacteria remain unclear. Since bacteria are more climate-sensitive than fungi 

(Lennon et al., 2012) and play a significant role in 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 deeper understanding 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 fruiting 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 roofs to cover the logs. 

Additionally, temperature manipulation could be implemented using infrared lamps or heating 

cables placed inside the logs, similar to methods applied in soil experiments (e.g., Poll et al., 

2013), to simulate future temperature scenarios. The study design would include a control 

treatment representing current climate conditions, along with two climate change scenarios 

(RCP 2.6 and RCP 8.5), both simulating increased temperatures and reduced precipitation 

(Figure 7). 

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 species-specific patterns in survival, reproduction, and community dynamics under 
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altered climatic regimes. The experiment also provides an opportunity to investigate whether 

fungal fruiting body and spore traits adapt to specific temperature and moisture conditions, 

offering insights into the evolutionary adaptations, survival strategies, and dispersal dynamics 

of wood-inhabiting fungi. Continuous wood sampling would further allow for the assessment 

of decomposition dynamics across treatments, based on changes in lignin and cellulose content 

(e.g., Fravolini et al., 2018) (Figure 7). 

 

 

Figure 7: Conceptual study design to investigate the effects of increased temperature and reduced precipitation on fungal 

communities, assessed through both fruit body surveys 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 scenarios (RCP 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, through increasing temperatures 

and increased disturbances such as windthrows, significantly affects these processes. However, 

knowledge gaps about how stand-scale and object-scale factors, which might occur after 

disturbances, affect deadwood decomposition processes still exist, making comprehensive 

predictions for future deadwood decomposition processes and associated ecosystem services 

difficult. Knowledge gaps remain because deadwood decomposition is a complex process 

influenced by various environmental factors and wood-inhabiting fungal diversity, which is 

also affected by the environment. 

An overall important factor in biological processes is temperature and I could show, that canopy 

cover emerged as the primary driver of internal deadwood temperature. Open canopies 

increased mean and maximum temperatures during the growing season and decreased minimum 

temperatures in winter. Other factors, such as deadwood position, diameter, and surrounding 

deadwood amount, had weaker and less consistent effects. Thus, large-scale disturbances 

strongly affect internal deadwood temperature, which might have consequences on ecosystem 

functions and services provided by deadwood. 

Furthermore, by using canopy cover as a proxy for microclimate, I analyzed long-term fungal 

fruiting body diversity and identified a (non-significant) successional pattern: fungal diversity 

initially increased but declined over time, with the decline being more pronounced under open 

canopies. Despite these changes, composition of fungal communities remained relatively stable, 

indicating resilience to projected shifts in canopy-mediated microclimatic conditions.  

However, deadwood decomposition is a complex relationship between environmental factors 

and wood-inhabiting fungal diversity. To explore this, I simultaneously analyzed both the direct 

effects of the environment and the indirect effects via fungal diversity on deadwood 

decomposition. Decomposition was primarily influenced by tree species identity and canopy 

cover. Beech logs decomposed faster than fir logs, and decomposition was higher under open 

canopies. Although environmental factors affected fungal diversity, diversity contribution to 

decomposition was weak and inconsistent. This suggests that the carbon- and nutrient cycle in 

temperate forests is primarily affected by forest management decisions, such as tree species 

selection and logging intensity, which affect canopy cover. With increasing disturbances and 

more open canopies, a higher rate of deadwood turnover can be expected in the future. 
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These findings emphasize the importance of canopy cover in regulating deadwood processes 

and suggest that maintaining diverse canopy conditions can promote habitat heterogeneity and 

ecosystem resilience. However, knowledge gaps remain regarding object-scale microclimatic 

conditions, particularly the interaction between moisture and temperature and their effects on 

fungal diversity. Additionally, future research should investigate fungal functional traits across 

different microclimates and the long-term impacts of climate change on deadwood 

decomposition dynamics.  
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